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PREFACE 


The  Eighth  Symposium  (International)  on  Detonation  was  held  at  the  Albuquerque  Convention 
Center  in  Albuquerque,  New  Mexico,  from  July  15  to  19,  1985. 

This  Symposium  was  one  of  a  series  started  in  1951  as  an  Office  of  Naval  Research  (ONR)  -  spon¬ 
sored  “Conference  on  Detonation.”  Sponsorship  has  expanded  over  the  years  and  now  includes  Ar¬ 
my,  Air  Force,  and  Department  of  Energy,  as  well  as  Navy  sponsors.  The  Symposia  have  had  inter¬ 
national  attendance  since  the  Fourth  Symposium  in  1965.  The  main  purpose  of  these  Symposia 
is  to  provide  a  forum  for  the  discussion  of  the  special  problems  of  the  field  of  energetic  materials 
study,  particularly  those  materials  in  condensed  states.  Problems  in  the  field  range  from  prepara¬ 
tion  of  new  and  potentially  useful  energetic  compounds  to  study  of  initiation,  growth,  detonation, 
and  the  ultimate  energy  release  on  detonation. 

People  came  from  19  countries  plus  the  United  States  to  attend  the  Albuquerque  Symposium. 
There  were  488  registrants,  123  of  whom  came  from  outside  the  United  States.  Three  papers  were 
submitted  by  scientists  from  the  USSR  for  presentation,  and  though  they  were  unable  to  attend, 
their  papers  were  presented  by  American  scientists,  and  permission  has  been  given  to  include  the 
papers  in  these  proceedings. 

For  the  first  time,  in  order  to  allow  more  papers  to  be  presented  in  the  five-day  period,  this  Sym¬ 
posium  had  four  parallel  specialist  sessions  on  one  afternoon  instead  of  the  usual  plenary  ones.  Thirty- 
one  papers  were  presented  these  specialist  sessions.  These  proceedings  may  offer  some  of  you 
the  first  opportunity  to  experience  many  of  these  papers. 


Sixty  papers  were  presented  in  the  plenary  sessions. 

The  Poster  Session,  certainly  a  highlight  of  the  Symposium,  consisted  of  29  exhibits  of  research 
results  specially  suited  to  this  format.  The  papers  related  to  these  displays,  as  well  as  copies  of 
the  display  material,  are  included  in  this  volume. 

The  Symposium  also  included  displays  by  seventeen  distributors  of  instrumentation  and  equip¬ 
ment,  specialized  to  the  needs  of  the  detonation  research  community.  These  were  presented  in  booth 
format  on  Tuesday  and  Wednesday  with  emphasis  on  attendance  during  plenary  session  breaks. 

Kofessor  Per-Anders  Persson,  late  of  Nitro-Nobel  Detonics  Laboratory  in  Sweden  and  now  at 
one  New  Mexico  Institute  of  Mining  and  Technology,  Socorro,  New  Mexico,  served  as  the  Master 
of  Ceremonies  at  the  Symposium  Banquet. 

Mr.  Dan  Murphy,  interpretative  archaeologist  with  the  regional  office  of  the  National  Park  Ser¬ 
vice  in  Santa  Fe,  New  Mexico,  addressed  the  Symposium  Banquet  on  the  “Indians  of  New  Mex¬ 
ico,”  to  add  a  bit  of  Southwest  Americana  to  the  Symposium. 

This  volume  contains  the  complete  text  of  papers  of  the  plenary,  specialist,  and  poster  sessions 
as  well  as  the  poster  presentations.  An  index  of  contributors  and  a  list  of  Symposium  attendees 
follow  the  text  of  the  papers. 

We  feel  the  Eighth  Symposium  was  an  outstanding  success  in  effecting  discussions  among  par¬ 
ticipants  and  allowing  a  free  flow  of  information  in  the  field.  The  following  people  were  responsible 
for  the  success  we  believe  was  achieved: 
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THE  ORGANIZING  COMMITTEE 


THE  PREPRINTS 


James  M.  Short,  Co-Chairman 
Naval  Surface  Weapons  Center 
William  E.  Deal,  Co-Chairman 
Los  Alamos  National  Laboratory 
Raymond  L.  Beauregard 
Naval  Sea  Systems  Command 
Milton  Finger 

Lawrence  Livermore  National  Laboratory 
Lee  H.  Hicks 

Lawrence  Livermore  National  Laboratory 
Philip  M.  Howe 
Ballistic  Research  Laboratory 
Sigmund  J.  Jacobs 
Naval  Surface  Weapons  Center 
James  E.  Kennedy 
Sandia  National  Laboratories 
Richard  S.  Miller 
Office  of  Naval  Research 
Spero  Nicolaides 
Army  Armament  Research  and 
Development  Center 
Alita  M.  Roach,  Secretary-Treasurer 
Los  Alamos  National  Laboratory 
Philip  L.  Stanton 
Sandia  National  Laboratories 
Martin  F.  Zimmer 
Air  Force  Armament  Laboratory 


Lee  H.  Hicks 

Lawrence  Livermore  National  Laboratory 

THE  POSTER  SESSION 

James  E.  Kennedy 
Sandia  National  Laboratories 

AUDIOVISUAL 

Ernest  Inman 

Naval  Surface  Weapons  Center 

THE  PROCEEDINGS 

James  M.  Short 
Naval  Surface  Weapons  Center 
Patricia  Leahy 

Naval  Surface  Weapons  Center 

ALBUQUERQUE  ARRANGEMENTS 
William  E.  Deal 

Los  Alamos  National  Laboratory 
James  Kennedy 
Sandia  National  Laboratories 
Alita  M.  Roach 

Los  Alamos  National  Laboratory 
Philip  Stanton 

Sandia  National  Laboratories 


We  wish  to  thank  Barbara  Glancy  and  Nancy  Alessandrini  of  the  Naval  Surface  Weapons  Center 
for  their  participation  in  the  assembly  of  the  printed  Proceedings. 

We  also  wish  to  th'vik  Mary  Ann  Lucero  and  Angie  Martinez  of  Los  Alamos  National  Laboratory, 
Karen  Spurgeon  and  -  r,  McArthur  of  Lawrence  Livermore  National  Laboratory,  Carolyn  Slagle 
of  Sandia  National  Laboratories,  and  Patricia  Leahy  of  Naval  Surface  Weapons  Center  for  assistance 
they  gave  to  help  make  the  symposium  one  of  the  best  ever. 

ADVANCE  NOTICE: 

>  Preliminary  plans  for  the  next  Symposium  are  already  underway.  The  site  selected  is  the  Red 
Lion  Inn/Columbia  River  in  Portland  Oregon.  The  NINTH  SYMPOSIUM  (INTERNATIONAL) 
ON  DETONATION  is  planned  for  August  28,  1989. 

James  M.  Short,  Co-Chairman  and  Editor 
Naval  Surface  Weapons  Center, 

White  Oak,  Silver  Spring,  Maryland 
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William  E.  Deal,  Co-Chairman 
Los  Alamos  National  Laboratory 
Los  Alamos,  New  Mexico 
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THE  RELATIONSHIP  BETWEEN  THE  SHOCK  SENSITIVITY  AND  THE  SOLID 
PORE  SIZES  OF  TATB  POWDERS  PRESSED  TO  VARIOUS  DENSITIES 
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Mercury  intrusion  porosimetry  measurements  have  been  made  on 
samples  pressed  from  three  different  types  of  TATB  powders  hav¬ 
ing  quite  different  particle  size  distributions.  The  samples  had  den¬ 
sities  ranging  from  74-99%  of  theoretical  maximum  density.  Results 
of  the  porosimetry  measurements  are  compared  with  shock  initia¬ 
tion  thresholds  measured  on  the  same  materials.  The  groivth  of  reac¬ 
tion  in  sustained  pressure  experiments  is  also  compared  for  two  of 
the  TATB  types. 


INTRODUCTION 

Shock  initiation  of  pressed  secondary  high  ex¬ 
plosives  is  due  to  concentration  of  energy  at  in¬ 
homogeneities  in  the  material,  leading  to  local¬ 
ized  “hot  spots”  and  subsequent  reaction.  The 
level  of  stimulus  -equired  to  initiate  a  detona¬ 
tion  is  a  strong  function  of  the  density  to  which 
the  explosive  is  pressed.  Internal  voids  have 
been  proposed  as  one  of  the  means  by  which  the 
shock  wave  energy  may  be  concentrated  (1,2). 
Some  of  the  proposed  mechanisms  include  visco¬ 
plastic  flow  (3),  adiabatic  heating  of  trapped  gas 
(4)  and  shocks  generated  by  void  collapse  (5).  In 
addition,  it  is  well  known  that  the  shock  initia¬ 
tion  threshold  depends  on  the  particle  size 
distribution  of  the  powder  from  which  the  ex¬ 
plosive  specimens  are  pressed  (6,7).  In  an  earlier 
study  (8)  we  observed  particle  size  effects  on  the 
initiability  of  pressed  TATB  specimens.  One  of 
the  major  objectives  of  the  work  reported  here 
was  to  study  further  the  effect  of  high  explosive 
microstructure  on  initiability. 

Mercury  intrusion  porosimetry  provides  a 
method  for  directly  investigating  the  voids  in 
a  pressed  sample.  We  have  made  mercury  intru¬ 
sion  porosimetry  measurements  on  pressed 
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samples  of  the  high  explosive  TATB  (triamino- 
trinitrobenzene)  for  three  quite  different  parti¬ 
cle  size  distributions.  The  samples  investigated 
were  pressed  to  densities  that  ranged  from 
74-99%  of  theoretical  maximum  density.  We 
compare  the  results  of  the  mercury  intrusion 
measurements  with  shock  initiation  thresholds 
measured  on  the  same  material. 

TATB  SAMPLES 

TATB  is  an  extremely  insensitive  high  ex¬ 
plosive  that  can  be  prepared  in  a  number  of 
ways  leading  to  quite  different  particle  size 
distributions.  Our  baseline  TATB  material, 
which  we  call  production  grade  (PG  TATB),  is 
produced  in  a  two-step  dry  amination  process, 
which  leads  to  a  product  with  an  arithmetic 
mean  particle  size  of  60  micrometres,  as  deter¬ 
mined  by  wet  sieving  (8).  The  specific  surface 
area  of  this  material,  determined  by  the  BET 
method,  is  about  0.5  m*/g  (8). 

A  finer  material  can  be  prepared  from  the  pro¬ 
duction  grade  TATB  by  wet  grinding  in  a  fluid- 
energy  mill.  We  designate  TATB  produced  by 
this  method  as  ultrafine  TATB  (UF  TATB).  UF 
TATB  has  an  arithmetic  mean  particle  size  of 
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about  10  micrometres  and  a  specific  surface 
area  of  about  4.5  mJ/g,  determined  by  the  same 
procedures  as  for  the  production  grade  material 
(8). 

TATB  with  a  much  finer  particle  size  distribu¬ 
tion  has  recently  been  synthesized  (9,10).  This 
material  is  prepared  by  crash-precipitation  and 
is  designated  as  CP  TATB.  Particle  size 
distributions  have  been  determined  using  a 
Coulter  N4  particle  sizer.  The  mean  particle  size 
of  a  CP  TATB  sample,  determined  by  weight, 
was  0.22  micrometres.  Specific  surface  area  was 
measured  on  the  same  sample  by  the  BET 
method  using  a  Digisorb  2600  system,  and  we 
obtained  a  specific  surface  area  of  17.1  m2/g, 
although  values  for  individual  lots  range  from 
7  to  30  mJ/g.  Particle  size  was  calculated  from 
the  surface  area  data,  assuming  spherical  par¬ 
ticles  and  a  density  of  1.9  g/cm1,  yielding  a  mean 
particle  size  of  0.18  micrometres  in  good  agree¬ 
ment  with  the  data  from  the  Coulter 
instrument. 

MERCURY  INTRUSION  POROSIMETRY 

Mercury  intrusion  porosimetry  is  based  on 
the  law  which  describes  the  penetration  of  a  li- 

nniH  intn  n  enroll  T?r\r  o  1J_ 
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quid  and  cylindrical  pores,  the  minimum  pore 
diameter,  D,  through  which  the  liquid  will  flow 
at  a  pressure,  P,  is  given  by 

D  =  (4y/P)cos(0),  (1) 

where  y  is  the  surface  tension  of  the  liquid  and 
6  is  the  contact  angle  between  the  liquid  and 
the  solid.  Pore  surface  area  is  calculated  from 
the  PdV  work  required  to  force  the  mercury 
through  the  pores.  The  work  dW  that  is  need¬ 
ed  to  immerse  an  area  dA  of  pore  wall  is  given 
by 

dW  =  ycos(0)dA  =  -PdV.  (2) 

The  experimental  technique  consists  of 
evacuation  of  a  sample  tube  which  contains  the 
specimen  to  a  pressure  of  10-J  Torr  and 
backfilling  with  mercury  to  10  kPa  to  fill  the 
sample  tube  completely  and  those  pores  which 
exceed  117  micrometres  ir«  diameter.  The  bulk 
density  is  determined  at  this  point  from  the 
mass  of  the  sample  and  the  volume.  Pressure 
is  then  applied  at  logarithmic  intervals  to  a 
maximum  of  200  MPa.  The  pore  volume 
distribution  is  determined  from  the  incremen¬ 
tal  volume  change  at  each  pressure  increase, 


assuming  that  the  pores  are  cylindrical.  A 
skeletal  density  is  determined  at  200  MPa  and 
compared  with  the  theoretical  maximum  den¬ 
sity  of  1.937  g/cm*. 


SHOCK  INITIATION  THRESHOLD 
MEASUREMENTS 


The  shock  stimulus  required  to  initiate  a 
detonation  in  the  TATB  samples  was  produced 
by  the  impact  of  a  thin  plastic  flyer  plate.  The 
Mylar  flyer  plates  were  0.25  mm  thick  and  had 
diameters  ranging  from  1.00  to  25.4  mm.  The 
flyer  plates  were  accelerated  by  electrically  ex¬ 
ploding  25.4  X  0.051  mm  aluminum  foils  with 
a  capacitor  bank  system.  The  flyer  plate  material 
was  driven  by  the  explosion  down  a  barrel  of 
the  desired  diameter  to  impact  the  TATB 
specimen.  A  calibration  curve  of  flyer  plate 
velocity  versus  bank  charging  voltage  was  ob¬ 
tained  using  a  Fabry-Perot  laser  velocity  in¬ 
terferometer.  The  system  which  accelerated  the 
flyer  plates  is  described  at  length  elsewhere  (11). 


The  threshold  velocity  for  shock  initiation 
was  determined  using  a  delayed  Robbins-Monro 
(DRM)  procedure  for  selecting  the  bank  charg¬ 
ing  voltages.  The  DRM  protocol  optimizes  the 
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limited  number  of  samples  (usually  6-81 
available  for  each  threshold  determination.  The 
DRM  procedure  is  also  described  in  detail 
elsewhere  in  the  literature  (12).  The  shock  initia¬ 
tion  threshold  data  are  summarized  in  Table  I. 


INITIATION  SPOT  SIZE  MEASUREMENTS 

Figures  1  and  2  show  the  shock  initiation 
threshold  as  a  function  of  initiation  spot  size  for 
four  TATB  forms.  These  are  UF  TATB;  a  UF 
TATB  obtained  from  the  AWRE,  Aldem»iston, 
England;  CP  TATB  formulated  at  Livermore 
(designated  CP-20),  and  CP  TATB  designated 
CCP  that  was  formulated  at  Los  Alamos  Na¬ 
tional  Laboratory  by  Howard  Cady.  The  data 
for  both  1.4  and  1.6  g/cm*  density  show  a  sharp 
rise  in  threshold  for  the  UF  materials  as  the 
flyer  diameter  approaches  1  mm,  while  the  data 
for  the  CP  materials  do  not  exhibit  such  a  trend. 
There  is  also  a  reversal  in  sensitiveness  of  the 
UF  and  CP  materials.  The  UF  material  is  easier 
to  initiate  with  the  larger  flyers,  while  the 
CP  material  is  easier  to  initiate  at  the  smaller 
flyer  diameters.  We  also  performed  initiation 
threshold  experiments  at  reduced  temperatures 
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(— 54  °C)  and  again  observed  a  significant  dif¬ 
ference  in  the  behavior  of  the  CP  and  UF  mate¬ 
rials.  We  could  not  initiate  the  UF  TATB  at  the 
lower  temperature  with  1.59  and  1.00-mm- 
diameter  flyers,  but  the  CP  samples  were  initiat¬ 
ed  with  only  a  modest  increase  in  threshold 
velocity. 

COMPARISON  OF  THRESHOLD  AND 
POROSIMETRY  RESULTS 

Figure  3  shows  the  results  of  mercury  intru¬ 
sion  porosimetry  measurements  made  on  pressed 
cm  samples  of  CP,  UF,  and  PG  TATB.  The  dif¬ 


ference  between  the  curves  for  the  CP  and  UF 
samples  reflects  the  difference  in  two  materials 
with  different  particle  size  distributions  but  the 
same  density.  The  curve  for  the  PG  sample 
shows  the  effect  of  a  higher  density,  as  well  as 
a  different  particle  size  distribution.  Total  in¬ 
trusion  volume  and  average  pore  diameter  are 
listed  for  all  the  materials  in  Table  II. 

The  porosimetry  data  correlate  fairly  well 
with  the  threshold  velocity  that  a  0.25-mm- 
thick,  3.18-mm-diameter  Mylar  flyer  plate  must 
have  to  initiate  a  detonation  in  TATB. 


TABLE  I 

Shock  Initiation  Threshold  Data  (Cady  CP  refers  to  CP  material  produced  at  LANL,  CP-20  refers 
to  CP  material  produced  at  LLNL,  UF-A  WRE  is  UF  material  obtained  from  A  WEE.  Aldermaston. 
The  threshold  data  designated  as  "cold"  were  obtained  from  shots  fired  at  —54°C.  The  threshold 
velocities  marked  "AT  were  shots  which  did  not  detonate  at  that  impact  velocity,  so  the  true  threshold 

velocity  is  somewhat  higher.) 


EXPLOSIVE 

THRESHOLD 
VELOCITY 
25.4  MM 
FLYER 
(KM/S) 

THRESHOLD 
VELOCITY 
6.35  MM 
FLYER 
(KM/S) 

THRESHOLD 
VELOCITY 
3.18  MM 
FLYER 
(KM/S) 

THRESHOLD 
VELOCITY 
1.69  MM 
FLYER 
(KM/S) 

THRESHOLD 
VELOCITY 
1.0  MM 
FLYER 
(KM/S) 

CADY  CP  (1.4  G/CC) 

1.85 

1.95 

2.32 

2.39 

2.34 

CADY  CP  (1.6  G/CC) 

1.93 

2.49 

2.60 

2.78 

2.52 

CADY  CP  (1.4  G/CC.  COLD) 

1.96 

2.46 

2.55 

CADI  CP  (1.6  G/CC,  COLD) 

2.58 

CP- 20  (1.4  G/CC) 

1.99 

2.12 

2.18 

2.36 

2.37 

CP-20  (1.4  G/CC) 

2.18 

CP-20  (1.45  G/CC) 

2.43 

CP-20  (1.50  G/CC) 

2.52 

CP-20  (1.55  G/CC) 

2.54 

CP-20  (1.6  G/CC) 

2.29 

2.63 

2.84 

2.72 

3.20 

CP-20  (1.60  G/CC) 

2.79 

CP-20  (1  64  G/CC) 

2.80 

CP-20  (1.70  G/CC) 

2.99 

CP-20  (1.75  G/CC) 

3.60  N 

CP-20  (1.80  G/CC) 

3.60  N 

CP-20  (1.4  G/CC,  COLD) 

1.98 

2.55 

2.86 

CP-20  (1.6  G/CC.  COLD) 

2.43 

3.40 

3.60  N 

UF-AWRE  (1.4  G/CC) 

1.68 

1.87 

2.26 

3.02 

UF-AWRE  (1.6  G/CC) 

2.01 

2.07 

2.35 

3.07 

PRODUCTION  (1.8  G/CC) 

3.02 

ULTRAFINE  (1.4  G/CC) 

1.71 

1.82 

2.46 

3.60  N 

3.20  N 

ULTRAFINE  (1.6  G/CC) 

1.91 

1.95 

2.35 

3.60  N 

3.60  N 

ULTRAFINE  (1.8  G/CC) 

2.70 

ULTRAFINE  (1.4  G/CC,  COLD) 

1.91 

3.60  N 

3.60  N 

ULTRAFINE  (1.6  GtOC,  COLD) 

2.07 

3.60  N 

3.60  N 
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SHOCK  INITIATION  THRESHOLD 


0  4  2  12  18  20  24 

PLTEB  DUMtTBR  (MX) 

O  UF  ♦  UF-AWHE  «  CP-20  A  CCP 

Fig.  1.  Threshold  velocity  for  shock  initiation,  measured  at  ambient  temperature  (In  the  legend,  UF, 
UF-A  WRE,  CP-20  and  CCP  refer  respectively  to  ultrafine,  British  ultrafine,  LLNL  crash-precipitated 
and  LANL  crash-precipitated  TATB.  The  vertical  arrows  denote  failure  to  detonate  at  that  velocity. 
All  of  the  samples  had  density  1.4  g/cc.) 


SHOCK  INITIATION  THRESHOLD 


1.2  O/CC  AMOUNT 


Fig.  2  Threshold  velocity  for  shock  initiation,  measured  at  ambient  temperature  (In  the  legend,  UF, 
UF-A  WRE,  CP-20  and  CCP  refer  respectively  to  ultrafine,  British  ultrafine,  LLNL  crash-precipitated 
and  LANL  crash-precipitated  TATB.  Vertical  arrows  denote  failure  to  detonate  at  that  velocity.  All 
of  the  samples  had  density  1.6  g/cc.) 
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INCREMENTAL  VOL.  VS  PORE  DIAMETER 


Fig.  3.  Incremental  volume  vs  pore  diameter  for  three  TATB  samples  with  different  densities  and 
particle  size  distributions  (CP,  UF  and  PG  refer  respectively  to  crash-precipitated,  ultrafine  and 
production-grade  TA  TB.) 


TABLE  II 

Total  pom  volume  and  average  pore  diameter  for  some  of  the  explosives  tested 


EXPLOSIVE 

DENSITY 

G/CC 

TOTAL  PORE 
VOLUME 

CC/G 

AVERAGE  PORE 
DIAMETER 
pm 

CADY  CP 

1.40 

0.1854 

0.0339 

CADY  CP 

1.60 

0.0982 

0.0194 

cp-;;o 

1.40 

0.1761 

0.0284 

CP-20 

1.40 

0.1879 

0.0431 

CP-20 

1.45 

0.1665 

0.0234 

CP-20 

1.50 

0.1299 

0.0184 

CP-20 

1.55 

0.1162 

0.0161 

CP-20 

1.60 

0.0960 

0.0175 

CP-20 

1.60 

0.0933 

0.0153 

CP-20 

1.65 

0.0658 

0.0117 

CP-20 

1.70 

0.0455 

0.0110 

CP-20 

1.75 

0.0306 

0.0118 

CP-20 

1.80 

0.0205 

0.0112 

UF-AWRE 

1.40 

0.1880 

0.0965 

PRODUCTION 

1.80 

0.0454 

0.0446 

ULTRAPINE 

1.40 

0.1966 

0.1192 

ULTRAFINE 

1.60 

0.1092 

0.0743 

ULTRAFINE 

1.80 

0.0322 

0.0128 

7 


t 


VELOCITY  THRESHOLD  VS  PORE  DIAMETER 


1.4-1.8  C/CC;  CP  TATB 


Fig.  4.  Velocity  threshold  vs  pore  diameter  for  crash-precipitated  TATB  pressed  to  various  den¬ 
sities,  1.4  -  1.8  g/cc  (Vertical  arrows  denote  failure  to  detonate  at  that  velocity.) 

In  Fig.  4  we  plot  flyer  velocity  threshold  for  diameter  is  not  the  only  factor  controlling  the 

CP-20  versus  average  pore  diameter  as  deter-  shock  initiation  threshold.  Figure  8  shows  the 

mined  from  4V/A,  where  V  is  the  total  intrusion  velocity  threshold  for  1.4-  and  1.6-g/cc  CP  and 

volume,  A  is  the  total  void  area  and  it  is  assumed  UF  TATB  impacted  by  1.0*,  6.35-,  3.18-,  1.59- 

that  the  voids  are  right  circular  cylinders.  and  1.00-mm-diameter  flyers  as  a  function  of 

average  pore  diameter  The  data  points  for  pore 
In  Fig.  5  we  show  the  eUect  of  pressing  den-  diameters  larger  that  0.06  microns  are  for  UF 

sity  on  the  void  volume  for  samples  of  CP  and  UF-AWRE  TATB  and  the  data  points  for 

material.  The  figure  clearly  shows  that  press-  smaller  pore  diameters  are  for  CP  and  CCP 

ing  reduces  the  total  pore  volume  and  shifts  the  TATB.  The  velocity  threshold  for  the  CP 

distribution  of  pore  volumes  toward  smaller  material  does  not  change  much  over  the  whole 

diameters.  The  effect  of  the  change  in  density  range  of  flyer  diameters,  while  the  threshold  for 

on  velocity  threshold  is  shown  in  Fig.  6.  Densi-  the  UF  material  increases  drastically  for  flyer 
ty  shows  about  the  same  degree  of  correlation  diameters  less  than  3  ram.  This  effect  was  also 

with  threshold  velocity  as  does  average  pore  illustra.  ed  in  Figs.  1  and  2.  We  attribute  this 

diameter.  In  Fig.  7  we  show  the  velocity  difference  in  behavior  between  CP  and  UF 

threshold  for  3.18-mm  flyer  impact  as  a  func-  material  to  the  much-different  particle  size 

tion  of  average  pore  diameter  for  CP  and  UF  distributions.  There  are  trivial  chemical  dif- 

TATB.  At  this  flyer  diameter,  UF  TATB  has  ferences  between  the  three  types  of  TATB, 

about  the  same  threshold  as  CP,  but  has  especially  between  the  CP  and  the  two  other 

substantially  greater  average  pore  diameter.  materials,  but  the  chemical  differences  do  not 

The  dependence  of  the  threshold  cn  pore  lead  to  any  marked  thermochemical  or  perfor- 

diameter  is  surprisingly  weak,  except  for  the  manee  differences.  The  remaining  difference  is 

smallest  average  pore  diameters,  where  the  m  particle  size  and  morphology.  During  shock 

curve  rises  steeply.  compression,  the  intergranular  forces  will  play 

a  major  role  in  determining  the  yield  strength 
If  a  small-diameter  flyer  plate  is  used  to  in-  of  the  material  and  the  way  it  fails  when  the 
itiate  the  TATB  samples,  we  observe  that  pore  yield  strength  is  exceeded. 
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INCREMENTAL  VOLUME  VS  PORE  DIAMETER 


Fig.  5.  Incremental  volume  vs  pore  diameter  for  crash-precipitated  TATB  pressed  to  various 
densities,  1.4  •  1.6  g/cc  (The  numbers  in  the  legend  are  the  density  in  g/cc.) 


THRESHOLD  VS  DENSITY 


CP-20  TATB 


Fig.  6.  Threshold  velocity  vs  density  for  shock  initiation  of  crash  precipitated  TATB,  CP-2Q  (Vertical 
arrows  denote  failure  to  detonate  at  that  velocity.) 
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VELOCITY  THRESHOLD  VS  PORE  DIAMETER 


1.4-i.B  G/CC;  CP  AMO  UP  TATB 


Fig.  7.  Velocity  threshold  versus  pore  diameter  for  ultrafine  and  crash-precipitated  TATB  at  various 
densities,  1.4  •  1.8  g/cc  (Vertical  arrows  denote  failure  to  detonate  at  that  velocity.) 


VELOCITY  THRESHOLD  VS  PORE  DIAMETER 


1.4-t.B  C/CC;  CP  AMD  Ur  TATB 


Fig  8.  Velocity  threshold  vs  pore  diameter  for  ultrafine  and  crash-precipitated  TATB  for  various 
flyer  plate  diameters,  and  various  densities  (The  numbers  in  the  legend  are  the  flyer  plate  diameter 
in  mm.  Vertical  arrows  denote  failure  to  detonate  at  that  velocity.) 


10 


It  must  be  recognized  that  pore  size  distribu¬ 
tions  calculated  from  mercury  intrusion  porosi- 
metry  data  depend  on  the  assumption  that  the 
sample  is  incompressible.  In  reality,  porous 
samples  may  be  crushed  by  the  pressures  in  the 
sample  cell,  and  the  material  from  vhich  the 
porous  sample  is  n:  :de  may  ho  impressible. 
Figure  9  shows  the  toial  intru*  volume  ver¬ 
sus  pressure  for  (/‘P-20  TATB  at,  i.4  -  1.8  g/cc 
density.  The  solid  is  the  compression 
calrd'/’ted  for  the  b>.  .  modulus  of  TATB.  The 
bulk  z'jodulus  was  ca,  ulated  from  the  sound 
speed  measurements  of  Olinger  and  Hopson 
(13).  At  the  higher  pressures,  the  slope  of  the 
experimental  curves  approaches  the  slope  of  the 
calculated  curve,  suggesting  that  the  apparent 
intrusion  at  these  pressures  is  mostly  due  to 
compression  of  the  TATB  crystals.  The  curve 
for  the  1.8  g/cc  sample  looks  like  virtually  all 
of  the  apparent  intrusion  is  due  to  compression 
of  the  sample.  It  is  interesting  to  note  the 
change  in  character  of  the  curves  between  1.6 
and  1.7  g/cc  density.  This  is  the  same  density 
range  where  the  initiation  threshold  increases 
sharply  as  shown  in  Fig.  6.  Figure  10  shows  the 
intrusion  volume  versus  pressure  for  CP-20,  PG 
and  UF  TATB  at  1.8  g/cc  density.  At  this  den¬ 
sity  it  appears  that  a  good  part  of  the  intrusion 
is  due  to  porosity  for  the  UF  and  PG  materials. 
One  could  correct  for  the  sample  compression 
by  subtracting  the  calculated  compressibility 
curve  from  the  experimental  curves  and  at¬ 
tributing  the  difference  to  intrusion  of  mercury 
into  the  pores. 

102-MM-GUN  EXPERIMENTS 

The  response  of  TATB  to  longer-duration 
pressure  pulses  has  been  studied  using  a  102- 
mm-gun  facility  chat  has  oeen  described  else¬ 
where  in  the  literature  (14).  Figure  11  shows 
stress  gauge  records  for  a  PG  TATB  sample  of 
density  1.80  g/cc  that  was  impacted  by  a  12.5- 
mm-thick  AD998  alumina  flyer  plate  at  0.31 
km/s,  producing  an  8  G  Pa  pressure  pulse.  Figure 
12  shows  the  stress-time  records  that  were  ob¬ 
tained  when  a  UF  TATB  sample  of  1.80  g/cc 
density  was  impacted  by  a  12.5  mm-thick  AD998 
alumina  flyer  plate  at  1.36  km/s,  producing  a 
10  GPa  input  pressure  pulse.  It  is  not  possible 
to  compare  the  run  distances  or  times  to  detona¬ 
tion  from  these  records,  but  it  is  clear  from  the 
record  at  the  impact  face  that  even  at  a  higher 


input  stress,  the  UF  TATB  reacts  more  slowly 
than  the  PG  TATB.  Also,  the  average  shock 
velocity  in  the  first  10  mm  of  run  is  considerably 
faster  in  the  PG  TATB.  This  behavior  is  con¬ 
sistent  with  earlier  studies,  where  we  observed 
that  UF  TATB  is  less  sensitive  than  PG  for  sus¬ 
tained,  lower  pressure  pulses,  but  for  high 
pressures  (>30  GPa)  the  UF  material  becomes 
more  sensitive  than  the  PG  TATB. 

SUMMARY  AND  CONCLUSIONS 

We  have  measured  shock  initiation  thresholds 
on  TATB  samples  pressed  from  three  different 
TATB  powders  which  differ  greatly  in  particle 
size  distribution.  The  shock  stimulus  was  pro¬ 
duced  by  the  impact  of  thin  Mylar  flyer  plates 
accelerated  by  electrically-exploded  metal  foils. 
Flyer  diameters  ranged  from  25.4  mm  to  1.00 
mm  and  flyer  thickness  was  0.25  mm. 

The  TATB  powders  were  characterized  by 
particle  size  determination  and  BET  surface 
area  measurements.  The  pressed  samples  were 
characterized  by  density  measurements  and 
mercury  intrusion  porosimetry. 

The  shock  initiation  threshold  correlated  well 
with  total  intrusion  volume  and  average  void 
diameter  for  measurements  made  on  samples  of 
the  same  material  which  differed  only  in  densi¬ 
ty.  There  was  more  scatter  in  the  correlations 
observed  when  type  of  material  as  well  as  the 
density  was  varied,  indicating  that  other 
variables  besides  void  size  distribution  are  im¬ 
portant  in  the  shock  initiation  process.  For 
small-diameter  flyer  plates  the  difference  be¬ 
tween  materials  was  particularly  evident.  For 
decreased  flyer  diameter  the  thresholds  for  the 
UF  TATB  rose  dramatically,  but  did  not  in¬ 
crease  appreciably  for  the  CP  TATB.  Our 
results  suggest  that  pore  collapse  may  not  be 
the  dominant  mechanism  for  producing  reaction 
sites  during  shock  initiation  for  densities  below 
1.65  g/cc,  because  large  changes  in  the  average 
pore  diameter  produced  only  modest  changes  in 
the  shock  initiation  threshold. 
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INTRUSION  VOLUME  VS  PRESSURE 


CP-20 


Fig.  9.  Intrusion  volume  vs  pressure  for  crash-precipitated  TATB,  CP-20  (The  numbers  in  the  legend 
are  sample  densities  in  g,tc.  The  solid  line  was  calculated  using  a  bulk  modulus  obtained  from  sound 
speed  data.) 


INTRUSION  VOLUME  VS  PRESSURE 


TATB  •  1.8  G/CC 


Fig.  10.  Intrusion  volume  vs  pressure  for  crash-precipitated,  ultrafine  and  production-grade  TATB 
pressed  to  1.8  glee  density  (The  solid  line  was  calculated  using  a  bulk  modulus  obtained  from  sound 
speed  data.) 
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DISCLAIMER 


Fig.  11.  Manganin  gauge  records  of  pressure  vs 
time  recorded  at  0,  5,  10,  and  15  mm  from  the 
front  surface  of  a  production  grade  TATB  sam¬ 
ple  impacted  in  a  gun  experiment  to  a  pressure 
of  8  GPa  I Sample  density  was  1.80  g/cc.) 


Tune  (niicrosec) 


Fig.  12.  Manganin  gauge  records  of  pressure  vs 
time  recorded  at  0,  2,  and  10  mm  from  the  front 
surface  of  an  ultra  fine  TATB  sample  impacted 
in  a  gun  experiment  to  a  pressure  of  9.8  GPa 
(Sample  density  was  1.80  g/cc.) 
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DISCUSSION 

CHARLES  DICKINSON,  NSWC 

Have  you  done  any  experiments  to  characterize 
the  microstructural  aspects,  defects,  grain  size, 
etc.,  such  as  X-ray  line  broadening  analysis? 

REPLY  BY  R.  LEE 

No,  we  have  not  yet  tried  to  use  X  rays  to 
characterize  the  microstructure,  but  that  might 
be  a  promising  approach.  There  is  a  recent  paper 
in  Physical  Review  Letters  (H.D.  Bale  and  P.W. 
Schmidt,  Phys.  Rev.  Lett.,  53, 596  (1984)),  where 
small-angle  X  ray  scattering  was  used  to  in¬ 
vestigate  the  submicroscopic  porosity  of  coal. 
The  same  technique  should  be  applicable  to  a 
pressed  high  explosive  sample. 
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EXPERIMENTAL  STUDIES  OF  CHEMICAL  REACTIVITY  DURING  SHOCK 
INITIATION  OF  HEXANITROSTILBENE 


Robert  E.  Setchell 
Shock  Wave  and  Explosives  Physics 
Division  1131 

Sandia  National  Laboratories 
Albuquerque,  New  Mexico  87185 


A  new  experimental  approach  has  been  used  to  examine  the  release 
of  chemical  energy  during  shock  initiation  of  hexanitrostilbene  (HNS). 
In  this  approach,  the  intensity  of  visible  emission  from  an  explosive/ 
window  interface,  integrated  over  the  spectral  range  55G-800  nm,  was 
recorded  in  time  as  a  measure  of  local  chemical  reactivity  at  this  inter¬ 
face.  Simultaneously,  VISAR  measurements  were  made  of  the  par¬ 
ticle  velocity  of  the  same  interface  in  order  to  examine  the  relative 
effect  of  the  energy  release  on  the  wave  motion.  Sustained  and  short- 
duration  shocks,  having  pressures  from  2.3  GPa  to  4.0  GPa,  were 
generated  in  two  types  of  HNS  materials  that  previously  have  shown 
significant  differences  in  shock  sensitivity.  The  emission  intensity 
was  found  to  be  a  very  sensitive  indicator  of  chemical  reactivity.  The 
combined  measurements  indicate  that  the  temporal  and  spatial 
behavior  of  energy  release  during  shock  initiation  is  quite  different 
in  the  two  types  of  HNS. 


INTRODUCTION 

Shock  wave  growth  towards  detonation  re- 
quires  the  progressive  courling  of  released 
chemical  energy  into  the  wa  <•»  motion.  When  a 
plane  shock  wave  of  suffic  ent  strength  is 
generated  in  a  granular,  porous  explosive, 
localized  heating  due  to  microstructural  pro¬ 
cesses  results  in  discrete  ignition  sites  behind 
the  shock.  Chemical  decomposition  reactions 
subsequently  spread  from  these  sites  through 
the  shock-compressed  material  For  a  particular 
explosive  composition,  the  spatial  and  temporal 
behavior  of  chemical  energy  release  depends 
upon  the  shock  amplitude,  the  heterogeneous 
microstructure  within  the  unshocked  material, 
and  the  mechanical  and  thermal  material  prop¬ 
erties  that  govern  the  localized  heating 
mechanisms.  Direct  experimental  observations 
of  the  complex  processes  resulting  in  energy 
release  and  shock  amplification  are  very  dif¬ 
ficult.  Indirect  measures  of  energy  release  ob¬ 
tained  in  previous  studies  have  been  in  the  form 
of  optically  measured  free-surface  velocities  in 


excess  of  non-reactive  values  (1),  increasing  local 
stresses  obtained  with  embedded  manganin 
gauges  (2),  and  increasing  local  particle  veloc¬ 
ities  measured  using  embedded  electromagnetic 
gauges  (3)  or  laser  velocity  interferometry 
(VISAR)  at  an  explosive/window  interface  (4). 
The  information  provided  by  these  methods  has 
been  very  useful,  particularly  when  used  to 
evaluate  formulations  for  the  local  rate  of 
energy  release  incorporated  within  numerical 
wave-propagation  models  (5-7).  However,  a 
more  fundamental  understanding  of  shock  initi¬ 
ation  processes  requires  different  experimental 
techniques  that  can  provide  more  direct  infor¬ 
mation  on  chemical  reactivity. 

Optical  emission  has  been  examined  in  a 
number  of  studies  of  condensed  explosives, 
although  most  of  these  studies  have  been  in¬ 
vestigations  of  propagating  detonation  waves. 
For  transparent  liquid  explosives,  the  forward 
emission  can  be  examined  through  the 
unreacted  material.  For  solid  explosives,  emis¬ 
sion  can  be  examined  from  an  explosive/window 
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interface  or  from  a  free  surface  under  vacuum. 
One  diagnostic  technique  has  been  to  simply  use 
photomultiplier  tubes  to  record  emission  inten¬ 
sities  integrated  over  one  or  more  filter  band- 
passes  (8,9).  Other  diagnostic  techniques  have 
involved  focussing  the  emission  into  a  spectro¬ 
meter,  then  recording  the  specti.Jly  resolved 
output  using  photomultiplier  tubes  behind  slits 
(10,11),  a  framing  camera  (12),  a  streaK  camera 

(13) ,  or  a  gated  multi-channel  vidicon  detector 

(14) .  Extensive  optical  studies  of  shock- 
compressed  explosives  that  have  not  yet  reached 
detonation  conditions  have  been  made  by  Von 
Hollo  using  two-channel  infrared  pyrometry 
(15-17).  Emission  intensities  from  an  explosive/ 
window  interface  have  been  measured  within 
the  spectral  bands  2-5.5  pm  and  4-5.5  pm  using 
detectors  with  a  400  ns  risetime,  and  more 
recently  within  the  bands  2-5.5  pm  and  5-11  pm 
using  detectors  with  a  5  ns  risetime.  Granular 
explosives  that  have  been  examined  include  HMX, 
TATB,  and  PBX-9404.  Brightness  temperatures 
were  determined  from  intensities  integrated  over 
each  band,  and  color  temperatures  were  deter¬ 
mined  from  the  ratios  of  the  integrated  band 
intensities.  By  assuming  that  the  emittance 
within  each  band  could  be  represented  as  the 
fractional  coverage  of  preferentially  heated 
material  ("hot  spots")  times  the  emissivity  of 
that  material,  Von  Holle  inferred  the  fractional 
area  of  hot-spots  from  differences  between  his 
brightness  and  color  temperatures.  He  further 
assumed  that  this  fractional  area  was  essentially 
equal  to  tho  volume  fraction  of  reacted  material 
at  the  explosive/window  interface,  and  inferred 
reaction  rates  at  this  position. 

In  the  present  study,  several  experimental 
techniques  are  combined  into  a  new  approach 
for  examining  chemical  energy  release  during 
shock  initiation  experiments.  In  this  approach, 
visible  emission  from  an  explosive/window  inter¬ 
face  is  recorded  simultaneously  with  VISAR 
measurements  of  the  particle  velocity  history 
of  the  same  interface.  In  preparing  target 
assemblies  for  planar-impact  experiments  on 
a  compressed-gas  gun,  the  interface  between 
an  explosive  sample  and  a  fused  silica  window 
is  left  transparent  except  for  a  small  area  of 
vacuum-deposited  aluminum  centered  on  the 
sample.  This  small  area  provides  the  diffuse- 
reflecting  surface  required  for  velocity  measure¬ 
ments.  A  turning  mirror  in  a  conventional 


VISAR  optical  system  is  replaced  by  a  dichroic 
filter  which  reflects  the  514.5  nm  VISAR  laser, 
but  transmits  light  at  longer  wavelengths.  A 
portion  of  the  exposed  rear  surface  of  the  explo¬ 
sive  is  imaged  through  the  dichroic  filter  and 
onto  both  photomultiplier  tubes  and  an  image- 
converter  streak  camera.  As  a  measure  of 
chemical  reactivity  at  the  explosive  surface, 
emission  intensity  integrated  over  the  spectral 
range  550-800  nm  is  recorded  as  a  function  of 
time  during  the  one-dimensional  wave  motion 
through  the  target  assembly. 

The  present  application  of  these  combined 
techniques  is  an  investigation  of  two  explosive 
materials  that  have  shown  significant  differ¬ 
ences  in  shock  sensitivity  in  previous  studies.  Both 
materials  are  hexanitrostilbene  pressed  without 
a  binder  to  a  common  final  density,  but  they  dif¬ 
fer  in  their  characteristic  grain  sizes  prior  to 
pressing.  A  more  detailed  description  of  the  ex¬ 
perimental  approach,  together  with  additional 
information  on  hexanitrostilbene,  can  be  found 
in  the  following  section.  Subsequent  sections 
present  and  discuss  the  experimental  results. 

EXPERIMENTAL  APPROACH 

The  experiments  were  conducted  on  a 
compressed-gas  gun  capable  of  producing 
repeatable,  planar  impacts  of  projectiles  6.3  cm 
in  diameter  at  velocities  up  to  1,2  km/s.  Both 
short-duration  shocks  and  sustained  shocks 
were  generated  in  explosive  samples  during  the 
present  study.  A  sketch  of  the  essential  target 
and  projectile  components  used  for  the  short- 
duration  shock  experiments  is  shown  in  Fig.  1. 

SCALE 
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Fig.  1.  Target  and  projectile  components  used 
for  generating  short-duration  shock  waves  in 
samples  of  hexanitrostilbene 


16 


On  the  projectile  a  1.0-mm  thick  fused  silica 
impactor  is  backed  with  a  6.5-mm  thick  disc  of 
low-density  carbon  foam.  This  combination  is 
replaced  by  a  12.7-mm  thick  disc  of  fused  silica 
in  sustained-shock  experiments.  For  the  target 
assembly,  25.4-mm  diameter  discs  of  hexani- 
trostilbene  are  initially  epoxied  into  an  annular 
aluminum  mounting  piece  so  that  both  faces  of 
the  explosive  sample  can  be  carefully  machined 
flat.  The  explosive  is  then  attached  to  the  win¬ 
dow  by  applying  thin-film  epoxy  to  the  annular 
aluminum  piece.  The  window  consists  of  two 
discs  of  fused  silica  1.6  mm  and  12.7  mm  thick. 
The  interface  between  these  two  piece?  hidudes 
a  diffuse-reflecting  layer  of  vacuum-deposited 
aluminum  confined  to  a  centered  2-mm  diameter 
area.  The  remainder  of  the  explosive/window 
interface  is  transparent.  A  double-delay  VISAR 
system  was  used  to  measure  particle  velocity 
histories  at  this  reflective  layer.  The  1.6-mm 
thick  “buffer”  disc  of  fused  silica  was  placed 
between  the  explosive  and  the  VISAR  measure¬ 
ment  position  in  order  to  smooth  spatial  non¬ 
uniformities  in  the  wave  transmitted  from  the 
granular  explosive.  The  elastic  properties  of 
fused  silica  were  used  in  a  method-of-char- 
acteristics  calculation  to  find  the  corresponding 
one-dimensional  waveform  at  the  explosive/ 
buffer  interface.  The  measured  velocities  were 
also  corrected  for  wave-generated,  refractive- 
index  changes  in  the  12.7-mm  thick  fused  silica 
window.  Further  details  on  these  procedures  for 
VISAR  measurements  can  be  found  in  Ref.  4. 


Combination  VISAR/Emission  Optics 

A  schematic  drawing  of  the  optica  system 
used  for  measuring  the  intensity  of  visible  emis¬ 
sion  from  the  explosive/window  interface  is 
shown  in  Fig.  2.  A  75-mm  diameter  dichroic 
filter  was  used  to  reflect  the  514.5  nm  VISAR 
laser  beam  while  transmitting  light  at  wave¬ 
lengths  above  550  nm.  The  areas  on  the  explo¬ 
sive  surface  that  are  imaged  through  this  filter 
and  onto  the  photomultiplier  tubes  and  the 
streak  camera  are  shown  in  Fig.  3.  Emission 
from  a  thin,  vertical  slit  15.2  mm  high  was 
imaged  onto  the  entrance  slit  of  the  streak 
camera  using  a  magnification  of  0.83,  resulting 
in  a  streak  record  12.7  mm  high.  For  the  last 
few  experiments  conducted  during  the  present 
study,  a  proximity-focussed  channel  intensifier 
tube  was  added  to  the  streak  camera  to  greatly 
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Fig.  2.  Optical  system  for  combination  VISAR/ 
emission  measurements 
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Fig.  3.  Areas  on  the  back  surface  of  explosive 
samples  that  are  used  for  VISAR  measure¬ 
ments,  imaged  into  photomultiplier  tubes,  and 
imaged  into  a  streak  camera 

enhance  its  sensitivity.  Emission  from  a  circular 
area  12.7  mm  in  diameter  centered  on  the  ex¬ 
plosive  surface  was  imaged  onto  the  19-mm 
diameter  photomultiplier  tubes  using  lenses 
that  produced  a  magnification  of  1.5.  To  prevent 
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stray  light  detection  an  opaque  mask  with  a 
16-mm  diameter  hole  was  centered  on  the  rear 
surface  of  the  fused  silica  window,  and  the 
remainder  of  the  target  assembly  exterior  was 
painted  flat  black.  In  addition,  the  entire  optical 
system  outside  the  target  vacuum  chamber  was 
enclosed. 

The  time  response  of  the  photomultiplier 
tubes  and  their  recording  oscilloscopes  is  less 
than  4  ns.  The  width  of  the  entrance  slit  on  the 
streak  camera  was  varied  from  0.4  to  1.0  mm 
during  the  course  of  the  experiments,  while  the 
streak  rate  was  varied  from  50  to  100  ns/mm. 
The  corresponding  time  resolution  on  the  streak 
records  varies  from  20  to  100  ns.  The  length  of 
the  streak  record  is  40  mm,  resulting  in  a  total 
observation  time  of  2  to  4  ps.  The  relative  spec¬ 
tral  response  of  the  optical  detection  system  is 
shown  in  Fig.  4.  This  response  was  determined 
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Fig.  4.  Relative  spectral  response  of  the  optical 
system  (Also  shown  are  the  relative  responses 
of  the  photomultiplier  tubes  and  the  image- 
converter  streak  camera.) 

using  a  calibrated  quartz-halogen  lamp  at  the 
position  of  the  explosive  sample,  together  with 
a  monochrometer  and  photomultiplier  tube 
whose  relative  transmission  and  spectral 
response,  respectively,  were  known.  Also  shown 
in  Fig,  4  are  the  relative  spectral  responses  for 
the  streak  camera  and  for  the  particular  photo¬ 
multiplier  tubes  used  in  the  detection  system. 

Hexanitrostilbcne 

The  combination  VISAR/emission  instrumen¬ 
tation  was  used  to  investigate  two  types  of  hexa- 


nitrostilbene  (HNS)  explosive.  Both  HNS  types 
are  pressed  without  a  binder  to  a  density  of  1.60 
±  0.01  g/cc  (92%  of  TMD),  but  they  differ  in 
their  grain  sizes  prior  to  pressing.  HNS-I 
samples  were  prepared  from  a  powder  having 
typical  grain  dimensions  of  5-10  pm  and  a 
specific  surface  area  of  2.1  m2/g.  HNS-FP 
samples  were  pressed  from  a  powder  having 
typical  grain  dimensions  of  1-2  pm  and  a  specific 
surface  area  of  8.2  m2/g.  These  two  materials 
have  been  examined  previously  in  wave- 
evolution  experiments  using  VISAR  instrumen¬ 
tation  (18,19).  In  these  investigations  both 
short-duration  and  sustained  shocks  were 
generated  in  HNS  samples  over  the  pressure 
range  2.5-4.0  GPa.  For  the  conditions  examined 
only  the  HNS-I  samples  showed  evidence  of 
chemical  energy  release  and  wave  growth. 
Wedge  tests  to  determine  run  distances  to 
detonation  have  also  been  performed  on  these 
two  materials  for  initial  shock  pressures  from 
3  to  7  GPa  (20).  These  tests  found  that  run 
distances  are  2-3  times  longer  in  HNS-FP  than 
in  HNS-I  at  any  given  pressure.  Least-squares 
fits  to  these  wedge  test  results  were  used  to 
predict  run  distances  for  sustained-shock  cases 
in  the  present  study. 

RESULTS 

In  the  current  experiments,  sustained  shocks 
having  initial  pressures  from  2.3  to  4.0  GPa 
were  generated  in  HNS  samples  either  2  or  3 
mm  thick.  Initial  shock  pressures  were  chosen 
so  that  sample  thicknesses  corresponded  to 
either  ~30%  or  rW5%  of  predicted  run  distances 
to  detonation.  In  addition,  short-duration  shocks 
having  an  initial  pressure  of  3.0  GPa  sustained 
for  0.39  p s  at  the  impact  interface  were 
generated  in  HNS  samples  from  2  to  6  mm 
thick.  Because  of  the  relatively  small  diameter 
of  the  explosive  samples,  the  time  period  for 
observing  one-dimensional  wave  motion  was 
limited  to  ~2  ps  or  less.  Stronger  shock  waves 
were  generated  at  impact  within  the  annular 
aluminum  piece  surrounding  the  explosive,  and 
eventually  radial  compressive  waves  converged 
on  the  region  of  the  explosive/window  interface 
under  observation.  This  convergence  of  radial 
waves  resulted  in  an  abrupt  termination  of  valid 
VISAR  signals,  but  the  emission  instrumenta¬ 
tion  continued  to  respond.  Figure  5  shows  the 
VISAR-measured  velocity  histories  obtained 
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for  two  cases  of  sustained  shocks  propagating 
in  HNS-T.  The  velocity  profiles  correspond  to 
the  transmitted  waves  in  fused  silica  at  the  ex¬ 
plosive/window  interface.  Zero  time  in  this  fig¬ 
ure  (and  in  all  subsequent  figures)  corresponds 
to  the  time  of  shock  arrival  at  this  interface. 
Also  shown  are  initial  shock  amplitudes  calcu¬ 
lated  from  the  impact  velocities  and  shock 
Hugoniot  data.  The  lower  waveform  corres¬ 
ponds  to  conditions  at  29%  of  the  run  distance 
to  detonation  for  an  initial  shock  pressure  of  3.4 
GPa,  as  predicted  by  a  least-squares  fit  to  avail¬ 
able  wedge-test  data  (20).  The  upper  waveform 
corresponds  to  conditions  at  76%  of  the  run 
distance  predicted  in  this  fashion  for  a  4.0  GPa 
shock.  Neither  waveform  shows  any  evidence 
of  growth  resulting  from  chemical  energy 
release.  The  small  rise  observed  ru0.7  p s  after 
the  wavefront  in  the  lower  curve  is  probably 
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Fig.  5.  VISAR-measured  particle  velocity  his¬ 
tories  obtained  for  two  cases  of  sustained  shocks 
propagating  in  HNS-FP  (The  profiles  represent 
the  waves  in  fused  silica  at  the  explosive/win¬ 
dow  interface,  with  zero  time  corresponding  to 
the  time  of  shock  arrival  at  this  interface.) 


a  weak  re-reflected  wave  in  the  explosive  due 
to  a  higher  impedance  material  at  both  the  win¬ 
dow  and  impactor  interfaces.  Figure  6  shows 
VISAR-measured  velocity  histories  obtained 
for  two  cases  of  sustained  shocks  propagating 
in  the  more  sensitive  explosive  HNS-I.  The 
lower  and  upper  waveforms  correspond  to  con¬ 
ditions)  at  31%  and  71%,  respectively,  of  run 
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Fig.  6.  Particle  velocity  histories  obtained  for 
two  cases  of  sustained  shocks  propagating  in 
HNS-I 

distances  predicted  by  a  fit  to  wedge-test  data 
for  this  material  (20).  The  lower  waveform 
shows  no  evidence  of  wave  growth,  but  the  up¬ 
per  waveform  shows  strong  velocity  increases 
associated  with  rapid  release  of  chemical 
energy.  The  particle  velocity  may  actually  in¬ 
crease  beyond  the  apparent  maximum  shown  in 
Fig.  6,  as  the  fused  silica  window  is  being  com¬ 
pressed  beyond  a  phase  transformation  at  9.4 
GPa  and  VISAR  data  reduction  becomes  ques¬ 
tionable  (4). 

Figures  7  and  8  show  the  photomultiplier  tube 
signals  recorded  simultaneously  with  the 
VISAR  data  presented  in  the  previous  two 
figures.  Zero  time  continues  to  correspond  to 
shock  arrival  at  the  explosive/window  interface, 
but  establishing  this  reference  time  for  the  emis¬ 
sion  data  introduces  some  additional  uncertain¬ 
ties.  In  Fig.  7,  a  comparison  is  made  between 
the  signals  observed  from  HNS-FP  and  from 
HNS-I  for  conditions  corresponding  to  r'-'30% 
of  expected  run  distances.  The  emission  inten¬ 
sity  from  the  HNS-I  sample  rises  rapidly  to  a 
peak  value  approximately  1  ps  following  shock 
arrival,  whereas  the  intensity  from  the  HNS-FP 
sample  shows  a  much  smaller  but  steady  in¬ 
crease  for  over  3  ps  following  shock  arrival. 
Figure  8  shows  a  comparison  between  emission 
intensities  for  conditions  corresponding  to 
^75%  of  the  expected  run  distances.  The  scale 
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Fig.  7.  Photomultiplier  tube  signals  correspond¬ 
ing  to  emission  intensity  during  sustained- 
shock  experiments  for  conditions  corresponding 
to  1X1 30%  of  expected  run  distances  (Zero  time 
corresponds  to  the  time  of  shock  arrival  at  the 
explosive/window  in  terface.) 
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Fig.  8.  Photomultiplier  tube  signals  during 
sustained-shock  experiments  for  conditions  cor¬ 
responding  10^75%  of  expected  run  distances 

for  the  photomultiplier  tube  signals  has  been 
changed  to  display  much  larger  signals  than 
shown  in  Fig.  7.  The  emission  intensities  from 
both  materials  show  “precursors”  detected 
prior  to  shock  arrival  at  the  explosive/window 
interface.  As  will  be  seen  in  a  subsequent 
presentation  of  streak  camera  records,  most  of 
the  emission  intensity  recorded  from  the  HNS- 
FP  sample  is  believed  to  be  due  to  an  “edge- 


ignition”  phenomenon  that  is  distinct  from  one¬ 
dimensional,  shock-initiation  processes.  The 
streak  record  corresponding  to  the  HNS-I 
signal  in  Fig.  8  does  not  show  any  unusual  emis¬ 
sion  from  the  edge  of  the  sample,  and  the 
precursor  in  the  HNS-I  signal  probably  indi¬ 
cates  a  slight  transparency  in  this  material. 


Fig.  9.  Particle  velocity  histories  obtained  for 
the  case  of  a  3.0  GPa  shock,  sustained  for  0.39 
fjs  at  the  impact  interface,  propagating  through 
2-mm  thick  samples  of  HNS-FP  and  HNS-I 


Fig.  10.  Particle  velocity  histories  obtained  in 
short-duration  shock  experiments  using  HNS- 
FP  samples  having  nominal  thicknesses  of  2,  4, 
und  6  mm 

Figures  9-11  display  the  VISAE-measured 
velocity  profiles  obtained  in  the  series  of  short- 
duration  shock  experiments  on  both  HNS-FP 
and  HNS-I.  In  Fig.  9,  the  observed  waveforms 
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Fig.  11.  Particle  velocity  histories  obtained  in 
short-duration  shock  experiments  using  HNS- 

1  samples  having  nominal  thicknesses  of  2,  4, 
and  5  mm 

after  the  initial  wave  had  propagated  through 

2  mm  of  explosive  are  shown.  Also  shown  in  this 
figure  is  a  calculated  “initial  wave"  as  would  be 
observed  if  the  waveform  entering  the  explosive 
at  the  impact  interface  were  to  reach  the  explo¬ 
sive/window  interface  unaltered  (21).  The  initial 
rarefaction  due  to  the  thin  fused  silica  impac- 
tor  has  not  reached  the  shock  front  in  either  of 
the  measured  waveforms,  and  the  rarefaction 
velocity  appears  to  be  nearly  equal  in  the  two 
materials.  The  small  velocity  increases  after 
M).9  ps  are  believed  to  be  re-reflected  com¬ 
pressive  waves,  as  noted  for  a  waveform  shown 
in  Fig.  5.  The  remainder  of  the  velocity  wave¬ 
forms  observed  in  HNS-FP  for  short-duration 
shock  loading  are  shown  in  Fig.  10.  A  progres¬ 
sive  decay  of  the  shock  amplitude  occurs  as 
multiple  rarefactions  overtake  the  wavefront. 
No  evidence  for  chemical  energy  release  is  ap¬ 
parent,  although  the  one-dimensional  test  time 
prior  to  the  convergence  of  radial  waves  at  the 
VISAR  reflector  is  minimal  for  the  case  with  a 
6-mrn  thick  explosive  sample.  In  Fig.  11  the 
evolution  of  the  same  initial  wave  in  HNS-I  is 
displayed.  After  propagation  through  4  mm  of 
explosive  the  shock  front  is  attenuated  due  to 
overtaking  rarefactions,  but  a  compressive 
wave  late  in  time  could  indicate  chemical  reac¬ 
tivity.  After  a  propagation  distance  of  5  mm  the 
waveform  shows  compressive  waves  being  gen¬ 
erated  by  energy  release  both  near  the  wave¬ 


front  and  at  some  distance  behind  the  front  in 
the  shock-compressed  materi'd.  A  similar  ex¬ 
periment  using  a  6-mm  thick  sample  of  HNS-I 
resulted  in  the  complete  loss  of  VISAR  signals 
immediately  after  the  wave  arrival,  indicating 
a  much  stronger  wave  as  will  develop  near  tran¬ 
sition  to  detonation. 


Fig.  12.  Photomultiplier  tube  signals  recorded 
during  short-duration  shock  experiments  using 
HNS-FP 


Figures  12  and  13  show  the  photomultiplier 
tube  signals  recorded  simultaneously  with  the 
VISAR  data  during  the  short-duration  shock 
experiments.  In  the  signals  observed  from 
HNS-FP  shown  in  Fig.  12,  the  emission  inten¬ 
sity  is  relatively  weak  after  2  mm  of  explosive 


Fig.  13.  Photomultiplier  tube  signals  recorded 
during  short-duration  shock  experiments  using 
HNS-I 
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and  barely  detectable  after  4  mm.  In  the  experi¬ 
ment  with  a  6-mm  thick  sample,  a  very  strong 
emission  signal  was  recorded  nearly  a  microsec¬ 
ond  before  the  shock  reached  the  explosive/win¬ 
dow  interface.  A  streak  record  for  this  case,  to 
be  discussed  shortly,  shows  an  early  “edge- 
ignition”  event  as  observed  in  one  of  the  sus¬ 
tained-shock  cases.  The  records  shown  in  Fig. 
13  for  short-duration  shocks  in  HNS-I  display 
rapidly  increasing  emission  intensities  as  the 
wave  propagates.  The  intensity  scale  is  32  times 
larger  than  the  scale  in  Fig.  12,  and  the  signal 
from  the  5-mm  thick  sample  of  HNS-I  has  also 
been  reduced  by  a  factor  of  five  for  plotting.  The 
degree  of  precursor  emission  prior  to  shock  ar¬ 
rival  at  the  explosive/window  interface  also  in¬ 
creases  as  the  wave  propagates.  An  experiment 
with  a  6-mm  thick  sample  of  HNS-I  resulted  in 
off-scale  photomultiplier  signals. 
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Streak  camera  records  of  emission  from  the 
explosive  samples  (as  shown  in  Figs.  2,  3)  are 
displayed  in  Figs.  14  and  15.  The  2-rnm 
diameter  aluminum  coating  used  for  VISAR 
measurements  results  in  a  clearly  defined  mask¬ 
ing  of  emission  from  this  centered  area. 

Figures  14a  and  14b  show  sustained-shock 
cases  where  conditions  corresponded  to  rW5% 
of  the  expected  run  distance  to  detonation.  The 
main  feature  of  the  HNS-I  record  shown  in  Fig. 
14a  is  a  delay  in  the  onset  of  observable  ..mis¬ 
sion  over  a  fairly  large  region  of  the  explosive 
surface.  Figure  14b  shows  the  HNS-FP  sample 
experiencing  "edge-ignition”  at  some  position 
along  the  radial  interface  between  the  explosive 
and  the  surrounding  aluminum  mounting  piece. 
This  non-planar  ignition  probably  resulted  from 
a  defect  (small  chip  or  crack)  at  the  edge  of  the 
HNS-FP  sample.  A  bright  reactive  front  is 
observed  propagating  across  the  back  surface 
of  the  explosive.  Figure  14c  was  obtained  with 
the  channel  tube  intensifier  on  the  camera,  pro¬ 
ducing  a  luminous  gain  of  approximately  600. 
This  streak  record  was  obtained  for  the 
sustained-shock  case  in  HNS-FP  in  which  con¬ 
ditions  corresponded  to  29°l  of  the  expected  run 
distance.  With  the  greatly  enhanced  sensitivity 
provided  by  the  intensifier,  local  emission  is 
clearly  observed  even  though  the  recorded 
photomultiplier  tube  signals  were  very  weak 
(Fig.  7).  The  onset  and  growth  of  local  emis¬ 
sion  intensity  is  seen  to  be  very  non-uniform. 
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Fig,  14.  Streak  records  of  emission  from  the  ex¬ 
plosive/window  interface  obtained  during 
sustained-shock  experiments  using  HNS-I  and 
HNS-FP  (The  third  record  was  obtained  using 
a  channel  tube  intensifier  on  the  camera.) 

Figure  15a  shows  the  streak  record  obtained  for 
short-duration  shock  loading  of  a  6-mm  thick 
sample  of  HNS-FP.  A  very  early  “edge-ignition" 
is  observed,  indicating  that  this  ignition  is  a 
consequence  of  the  much-faster  shock  wave  pro¬ 
pagating  through  the  surrounding  aluminum 
piece  following  impact.  Figures  15b  and  15c 
show  the  onset  of  relatively  uniform  emission 
from  the  explosive  surface  during  short- 
duration  shock  experiments  with  HNS-I  (a  tim¬ 
ing  error  resulted  in  a  late  start  for  the  streak 
record  in  Fig.  15b).  These  records  also  show 
rather  dramatic  patterns  of  multi-dimensional 
wave  motion  coupled  with  released  chemical 
energy  occurring  at  later  times.  The  correspond¬ 
ing  particle  velocity  measurements  (Fig.  11) 
show  the  VISAR  data  terminating  before  the 
apparent  convergence  of  radial  waves  in  the 
streak  records. 
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Fig.  15.  Streak  records  of  emission  from  the  ex- 
plosive/window  interface  obtained  during  short- 
duration  shock  experiments  using  HNS-FP  and 
HNS-I 

DISCUSSION 

The  purpose  of  the  present  investigation  was 
to  utilize  a  new  experimental  approach  in  order 
to  examine  the  release  of  chemical  energy  dur¬ 
ing  shock  initiation  of  hexanitrostilbene.  The 
two  types  of  HNS  studied,  known  previously  to 
differ  in  their  shock  sensitivity,  provided  a  good 
test  of  the  experimental  approach.  Over  the 
present  range  of  initial  conditions,  with  shock 
pressures  varying  from  2.3  to  4.0  GPa,  the  peak 
emission  intensities  varied  from  being  barely 
detectable  to  driving  the  recording  instrumen¬ 
tation  off-scale.  The  particular  spectral  range  of 
the  detection  system,  therefore,  was  a  useful 
choice.  Comparisons  between  histories  of  emis¬ 
sion  intensity  and  ViSAR-measured  velocity 
histories  show  that  the  emission  intensity  is  a 
far  more  sensitive  indicator  of  chemical  reactivity. 


In  the  3.0  GPa  short-duration  shock  experi¬ 
ments,  the  velocity  profiles  recorded  after  wave 
propagation  through  2  mm  and  4  mm  samples 
of  both  explosives  showed  only  small  dif¬ 
ferences.  The  emission  intensities,  however, 
differ  by  an  order  of  magnitude  after  2  mm  end 
by  two  orders  of  magnitude  after  4  mm.  After 
a  propagation  distance  of  6  mm  the  wave  in 
HNS-I  is  near  (or  has  reached)  detonation  con¬ 
ditions,  whereas  the  wave  in  HNS-FP  shows  no 
evidence  of  one-dimensional  growth  towards 
detonation.  In  the  sustained-shock  experiments, 
the  temporal  features  of  the  emission  intensities 
suggest  that  the  HNS-FP  material  has  a  fun¬ 
damentally  different  initiation  behavior  than 
the  HNS-I  material.  For  experimental  condi¬ 
tions  corresponding  to  ~30%  of  expected  run 
distances,  the  measured  intensity  from  HNS-I 
(Fig.  7)  rises  smoothly  to  a  peak  approximately 
1  fts  after  the  shock  arrival.  This  intensity 
history  is  consistent  with  a  general  description 
of  energy  release  during  relatively  low-ampli¬ 
tude  shock  initiation  of  heterogeneous  ex¬ 
plosives  (4).  In  this  description,  chemical  energy 
released  progressively  throughout  much  of  the 
shock-compressed  material  contributes  to  am¬ 
plification  of  the  shock  wave.  The  corresponding 
emission  history  from  the  HNS-FP  sample 
shows  only  a  low  level  that  increases  slowly  dur¬ 
ing  the  same  time  interval.  For  experimental 
conditions  corresponding  to  75%  of  expected 
run  distances,  the  measured  intensities  (Fig.  8) 
show  the  same  differences.  The  peak  intensity 
from  the  HNS-I  sample  is  much  stronger  than 
shown  in  the  earlier  HNS-1  case,  and  the 
associated  waveform  (Fig.  6)  now  shows  parti¬ 
cle  velocity  increasing  substantially  behind  the 
wave  front.  The  much  smaller  rise  in  the  cor¬ 
responding  emission  history  from  the  HNS-FP 
sample  is  largely  due  to  the  "edge-ignition” 
event  that  occurred  in  this  experiment  (Fig. 
14  b),  leading  to  the  conclusion  that  very  little 
chemical  energy  is  released  throughout  a  com¬ 
parable  region  behind  the  shock  front  in  this 
case.  For  the  shock  in  HNS-FP  to  achieve  det¬ 
onation  within  a  small  additional  run  distance, 
a  very  strong  overtaking  wave  must  be  gen¬ 
erated  in  the  shock-compressed  material  late  in 
time.  This  observation  suggests  that  the  very 
'ine-gi  ained  HNS-FP  material  behaves  more 
iike  a  homogeneous  explosive  during  shock  in¬ 
itiation,  with  very  little  energy  release  within 
the  shock-compressed  material  until  a  thermal 
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explosion  occurs  at  the  impact  interface.  The 
chemical  reactivity  that  does  occur  in  HNS-FP 
is  depicted  in  the  intensified  streak  record 
shown  in  Fig.  14c.  This  record  indicates  that  the 
onset  and  growth  of  chemical  reactivity  is 
rather  sporadic  spatially.  In  contrast,  the  streak 
record  in  Fig.  15c  shows  that  the  onset  and 
growth  of  chemical  reactivity  in  HNS-I  is  far 
more  uniform. 

The  present  results  are  very  encouraging  in 
terms  of  the  need  to  develop  new  experimental 
methods  for  direct,  local  measurements  of 
chemical  energy  release  in  solid  explosives. 
Future  efforts  to  examine  in  greater  detail  the 
spatial,  temporal,  and  spectral  characteristics 
of  visible  emission  should  prove  to  be  useful 
contributions  to  this  goal. 
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DISCUSSION 

J.E.  KENNEDY,  Sandia  National  Laboratories 

Have  you  made  any  direct  observation  of  a 
strong  overtaking  wave,  resembling  superdeto¬ 
nation,  in  the  fine  HNS-FP  explosive? 

REPLY  BY  R.E.  SETCHELL 

To  date  we  have  not  obtained  a  direct  obser¬ 
vation  of  a  strong  wave  overtaking  the  initial 
shock  in  the  HNS-FP  material.  However,  in  the 
wedge  tests  that  were  performed  to  determine 
run  distances  to  detonation  in  this  material 
(Ref.  20),  large  overshoots  in  detonation  veloci¬ 
ty  were  observed  at  transition.  The  detonation 
velocities  then  decayed  to  a  value  typical  of 
stable  detonation.  These  results,  together  with 
the  observations  in  the  present  study,  provide 
strong  evidence  that  a  superdetonation  wave  is 
generated  in  a  manner  similar  to  shock  initia¬ 
tion  in  a  homogeneous  explosive.  We  plan  to 
perform  additional  experiments  on  this  very 
fine-grained  material  at  conditions  closer  to 
transition  in  an  effort  to  confirm  this  behavior. 
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THE  EFFECTS  OF  MATERIAL  MICROSTRUCTURE  ON  THE  SHOCK 
SENSITIVITY  OF  POROUS  GRANULAR  EXPLOSIVES 


Paul  A.  Taylor 
Sandia  National  Laboratories 
Albuquerque,  NM  87185 


The  influence  of  material  microstructure  on  the  shock  sensitivity  of 
porous  granular  explosives  is  investigated.  The  analysis  is  based  on 
the  assumption  that  hot  spot  formation  occurs  exclusively  by  means 
of  the  mechanism  of  pore  collapse  due  to  shock  loading.  Defined 
within  the  analysis  are  the  pore  size  and  spacing  parameters  6  and 
A  associated  with  the  initial  grain  size  and  density  respectively  and 
shown  to  be  influential  on  the  shock  initiation  characteristics  of  the 
explosive.  Results  show  that  hot  spots  formed  in  explosives  with 
microstructures  displaying  a  6  K  1  exhibit  reduced  temperatures  to 
the  point  where  they  may  be  sufficiently  inadequate  to  ignite  the 
grain  burning  process  essential  to  the  initiation  process. 


INTRODUCTION 

The  process  of  shock  initiation  in  porous, 
granular  explosives  involves  the  nucleation  of 
hot  spots  (i.e.,  localized  regions  of  elevated  ther¬ 
mal  energy)  behind  the  propagating  shock  front 
which  act  as  ignition  sites  for  a  subsequent 
grain  burning  process  that  liberates  energy  by 
means  of  chemical  reactions.  For  relatively  low 
shock  strengths,  this  chemical  energy  release 
occurs  at  some  distance  behind  the  shock  front 
genera  ng  a  pressure  disturbance  which  over¬ 
takes  and  tends  to  enhance  the  shock  front.  As 
the  shock  strength  increases,  the  chemical 
energy  release  occurs  closer  to  the  shock  front 
thereby  reducing  the  delay  time  associated  with 
the  coupling  of  energy  to  the  front.  If  there  is 
sufficient  chemical  energy  release  to  overcome 
the  dissipative  mechanisms  operating  on  the 
shock  wave,  then  the  wave  will  grow  to  detona¬ 
tion  conditions  given  a  sufficient  run  distance 
within  the  explosive.  Thus,  the  initiation  pro¬ 
cess  is  dependent  upon  the  processes  of  hot  spot 
formation  and  grain  burning.  Shock  sensitivi¬ 
ty  studies  are  concerned  with  the  influence  of 
chemical  composition,  shock  strength  and  dura¬ 
tion.  and  material  microstructure  (i.e.,  porosi¬ 
ty  and/or  granularity)  on  the  rate  at  which  the 
initiation  process  proceeds.  To  understand  the 
influence  of  these  parameters  on  the  processes 


of  hot  spot  formation  and  grain  burning  is  to 
understand  their  influence  on  the  shock  sen¬ 
sitivity  of  the  explosive  in  general. 

The  influence  of  material  microstructure  is 
manifested  in  the  process  of  hot  spot  formation 
as  well  as  that  of  grain  burning  (1).  The  interac¬ 
tion  of  a  shock  wave  with  a  granular  and/or 
porous  microstructure  naturally  gives  rise  to 
such  hot  spot  forming  mechanisms  as 
hydrodynamic  pore  collapse  and  associated 
microjetting  (2,3),  viscoplastic  work  associated 
with  pore  collapse  (4,5),  intergranular  friction 
(6),  and  shear  banding  (7).  Thus,  the  process  of 
hot  spot  formation  displays  a  dependence  upon 
initial  grain  size  and  porosity.  The  grain  burn¬ 
ing  process,  however,  is  largely  associated  with 
a  surface  reaction  mechanism,  the  rate  of  which, 
is  dependent  upon  the  specific  surface  area  and 
hence,  grain  size  (1).  Previous  experimental  stud¬ 
ies  concerned  with  the  influence  of  microstruc¬ 
ture  on  the  shock  initiation  characteristics  of 
various  explosives  have  provided  an  infor¬ 
mative,  if  somewhat  confusing,  data  base  of  in¬ 
formation  (8).  Investigations  by  Campbell  et  al. 
(2)  and  Andreev  et  ai.  (9)  involving  the  sustained 
shock  loading  of  TNT  and  that  of  Hayes  (10) 
with  HNS  observed  that  as  the  initial  grain  size 
was  decreased  with  the  initial  density  held 
fixed,  the  explosive  displayed  a  higher  chemical 
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reaction  rate  during  the  initiation  process.  In 
absence  of  any  additional  information,  this 
behavior  suggests  that  the  chemical  energy 
release  is  governed  by  a  surface  reaction  alone, 
in  view  of  which,  one  would  expect  an  increase 
in  shock  sensitivity  for  a  decrease  in  grain  size. 
However,  in  addition  to  this  result,  the  in¬ 
vestigations  by  Howe  et  al.  (11),  Von  Holle  (12), 
deLongueville  et  al,  (13),  and  Honodel  et  al,  (14) 
on  TNT,  HMX,  RDX,  and  TATB  also  reported 
that  the  coarser  grained  explosives  exhibited 
lower  reaction  thresholds  during  low  amplitude 
('■^30  kbar)  sustained  shock  loading.  This 
behavior  was  also  observed  by  Setchell  (8)  in  his 
experiments  on  HNS  where,  in  response  to  a  30 
kbar  sustained  shock,  a  medium-grained  mater¬ 
ial  displayed  progressive  chemical  decomposi¬ 
tion  whereas  a  finer-grained  material  pressed  to 
the  same  initial  density  displayed  no  apparent 
chemical  energy  release  whatever  under  iden¬ 
tical  conditions.  These  results  suggest  that  a 
reversal  in  shock  sensitivity  might  exist  due  to 
grain  size  effects  alone.  That  is,  for  low  ampli¬ 
tude  sustained  shock  loading  at  fixed  initial  den¬ 
sity,  there  exists  a  grain  size,  below  which,  the 
trend  of  increasing  sensitivity  for  a  decrease  in 
grain  size  is  reversed  with  the  sensitivity  now 
decreasing  for  a  decrease  in  grain  size.  Indeed, 
Pop  plot  data  (i.e.,  run  distance  to  detonation 
as  a  function  of  initial  plane  shock  amplitude) 
on  HNS  (15)  substantiates  this  speculation  on 
sensitivity  reversal,  where  a  medium-grained 
material  (HNS-I)  was  reported  to  exhibit  a 
shorter  run  distance  to  detonation  than  a  finer- 
grained  material  (HNS-FP)  for  sustained  shock 
loading  with  amplitudes  under  60  kbar. 

The  reversal  of  shock  sensitivity,  as  prompted 
by  changes  in  grain  size  alone,  suggests  the  ex¬ 
istence  of  a  regime  of  grain  sizes  where  the 
mechanism  of  hot  spot  formation  exerts  a 
crucial  influence  on  the  sensitivity  behavior  of 
the  explosive.  The  present  8tudy  investigates 
the  influence  of  material  microstructure  and 
specifically,  the  mechanism  of  hot  spot  forma¬ 
tion  on  shock  sensitivity.  The  analysis  is  based 
on  the  assumption  that  the  primary  mechanism 
of  hot  spot  formation  is  that  of  pore  collapse  due 
to  shock  loading.  In  the  next  section,  the  in¬ 
fluential  parameters  affecting  shock  sensitivi¬ 
ty  in  general  are  identified  and  accompanied  by 
a  discussion  of  their  significance.  The  following 
sections  contain  descriptions  of  the  method 


ology  and  model  used  in  the  present  analysis 
and  a  report  of  the  results  of  the  calculations. 
Finally,  the  paper  closes  with  a  discussion  of  the 
results  along  with  concluding  remarks. 

ANALYSIS 

It  is  generally  agreed  upon  (see  e.g.,  (3),  (4), 
and  (5))  that  the  the  shock  initiation  behavior 
of  porous  granular  explosives,  when  subjected 
to  a  plane  shock  wave  of  given  amplitude  and 
duration,  is  dependent  upon  the  explosive’s 
chemical  composition,  transport  properties 
(associated  with  viscosity  and  heat  conduction), 
compressibility,  plastic  yield  strength,  and 
material  microstructure.  In  the  following 
analysis,  the  run  distance  to  detonation  will  suf¬ 
fice  as  a  quantitative  measure  of  shock  sensitivi¬ 
ty.  The  analysis  is  based  on  the  assumption  that 
hot  spot  formation  occurs  only  at  the  original 
pore  sites  by  means  of  the  mechanism  of  pore 
collapse  due  to  shock  loading.  Consequently,  for 
a  porous  granular  explosive  of  fixed  chemical 
composition,  the  following  relation  is  assumed 
to  hold: 

D  =  <j>(P,  r,  Q,  p,  y,  Y,  d,  s)  ,  (1) 

where  D  is  the  run  distance  to  detonation,  P 
represents  the  increase  in  pressure  across  the 
shock  front,  t  is  the  shock  duration,  Q  is  the 
material  density,  and  p  and  x(=  x/q cv)  define 
the  viscosity  and  thermal  diffusivity,  respec¬ 
tively,  with  x  and  cv  the  thermal  conductivity 
and  specific  heat.  In  addition,  Y  is  the  plastic 
yield  strength  of  the  matrix  material,  and  d  and 
s  characterize  the  material  microstructure  by 
denoting  the  initial  average  pore  size  and  spac¬ 
ing,  respectively.  By  means  of  the  Pi-theorem 
of  dimensional  analysis,  relation  (1)  assumes  the 
form 

d  =  -jl.  If  (V  j£,  Ji,  .MS,  Jj,  m 

\[q?  P  P  QX  M  d 

where  the  forms  of  the  dimensionless  parameters 
in  (2)  suggest  the  existence  of  the  characteristic 
length  and  time  scales  defined  by  xc  =  p/V/gP 
and  tc  =  p/P,  respectively.  These  scales  are 
associated  with  the  structure  of  the  shock  front 
where,  in  particular,  xc  and  tc  reflect  the  fact 
that  the  shock  front  width  is  determined  by  a 
viscosity  associated  with  the  conversion  of 
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kinetic  energy  of  directed  motion  into  the 
kinetic  energy  oi  random  (thermal)  motion  (16). 
Eq.  (2)  represents  the  dependence  of  shock  sen¬ 
sitivity  on  the  shock  amplitude  and  duration, 
yield  strength,  transport  properties,  and  micro¬ 
structure  in  terms  of  a  set  of  dimensionless 
parameters  involving  the  relevant  quantities. 
The  first  parameter  Y/P  (=Yt c/fd  determines 
the  nature  of  the  dissipative  energy  associated 
with  shock  compression.  Here,  dissipation  is 
primarily  due  to  viscous  heating  whenever 
Y/P<1  and  plastic  work  whenever  Y/P>1.  This 
parameter  is  similar  to  the  parameter  N3  in¬ 
troduced  by  Frey  (5)  to  distinguish  between  the 
regime  associated  with  viscous  dissipation  and 
that  due  to  plastic  work  in  his  study  of 
spherically  symmetric  pore  collapse  in  an  incom¬ 
pressible  viscoplastic  material.  The  parameter 
tP/p  (=T/tc)  determines  the  degree  of  influence 
of  the  shock  duration  r  on  the  run  distance  to 
detonation  where,  for  rP/fi»l,  corresponding 
to  sustained  shock  loading,  there  should  be  no 
influence.  The  parameter  n Iqx  is  the  Prandtl 
number  associated  with  transport  properties  at 
the  shock  front,  where  the  structure  of  the  front 
is  primarily  determined  by  viscous  effects 
whenever  p/ qx> 1  and  by  heat  conduction  when 
I*1qx<  1.  The  parameters  ds/oPl^  (=d /xc)  and  s/d 
represent  the  influence  of  the  material  micro¬ 
structure  on  the  shock  sensitivity  of  the  ex¬ 
plosive  where  ds/gPIfX  can  be  thought  of  as  a 
Reynolds  number  associated  with  shock  com¬ 
pression  of  the  microstructure.  The  quantity 
d\foP]n  is  formally  identical  to  the  parameter 
Re  identified  by  Khasainov  et  al.  (4)  in  their 
model  of  spherically  symmetric  collapse  of  a 
pore  in  an  incompressible  viscoplastic  material. 
There,  they  associate  pore  collapse  in  highly 
viscous  fluids  with  Re<l  and  low  viscosity 
fluids  whenever  Re>l.  In  view  of  the  sig¬ 
nificance  of  the  parameters  d\/j>P/fi  and  s/d,  the 
following  pore  size  and  spacing  parameters  d 
«nd  A  are  defined: 

d  =  .l(«  ShZeFundA  =5,  (3) 

Ws  (j 

where  wg  denotes  the  shock  front  width  which 
is  proportional  to  the  characteristic  length  scale 
xc  =  For  a  binderless  pressed  granular 

explosive,  the  pore  size  parameter  d  represents 
the  influence  of  either  initial  grain  size  or 
average  pore  size  (these  two  are  related  in  this 
instance),  whereas  the  pore  spacing  parameter 


A  represents  that  of  the  initial  porosity  (or 
equivalently ,  the  initial  pressing  densit’ '.  Note 
that  whenever  d&l,  the  average  pore  (of 
diameter  d)  will  effectively  experience  collapse 
by  a  structured  compressive  wave,  that  is,  one 
which  displays  a  rise  distance  in  bulk  material 
at  least  as  great  as  the  pore  diameter.  However, 
for  d»l,  the  average  pore  will  experience  col¬ 
lapse  due  to  a  sharp  shock.  In  addition, 
whenever  AM,  a  high  degree  of  interaction  will 
exist  between  adjacent  collapsing  pores  as  well 
as  that  between  the  subsequently  formed  hot 
spots  giving  rise  to  shock  diffraction  and  ther¬ 
mal  energy  transport  between  hot  spots.  For 
A»  1,  this  effect  becomes  negligible  with  adja¬ 
cent  ports  and  hot  spots  no  longer  interacting. 
As  suggested  by  the  forms  for  the  dimen¬ 
sionless  parameters  ds/oPtu  and  d,  a  natural 
length  scale  associated  with  shock  compression 
in  general  may  be  defined  in  terms  of  the  shock 
front  width  ws.  This  length  scale,  in  turn,  is 
determined  by  the  material  viscosity  at  the 
shock  front  and  the  shock  strength.  Within  the 
context  of  the  present  analysis,  the  influence  of 
the  material  microstructure  on  shock  sensitivi¬ 
ty  may  be  examined  through  a  study  of  the  in¬ 
fluence  of  the  pore  size  and  spacing  parameters 
d  and  A  on  the  sensitivity. 

An  appropriate  candidate  for  the  present 
study  is  the  binderless  granular  explosive  hexa- 
nitrostilbene  (HNS)  possessing  a  crystal  densi¬ 
ty  of  1.74  g/cc.  This  explosive  displays  a  rever¬ 
sal  in  sensitivity  as  the  initial  grain  size  is 
decreased  from  coarse  to  fine,  with  all  other  fac¬ 
tors  held  fixed.  Specifically,  Hayes  (10)  exam¬ 
ined  the  coarse-  and  medium-grained  materials 
HNS-II  and  HNS-I  whereas  Se^chell  (8)  in¬ 
vestigated  the  response  of  HNS-I  and  the  fine¬ 
grained  HNS-FP  (see  Table  1).  Possessing  iden¬ 
tical  compositions,  the  three  HNS  types  HNS- 
II,  I,  and  FP  were  each  subjected  to  a  sustained 
shock  wave  of  approximately  30  kbar  at  a  fixed 
initial  density  of  1.6  g/cc.  In  terms  of  an  induc¬ 
tion  time  after  shock  passage  to  completion  of 
chemical  energy  release,  Hayes  found  HNS-II 
to  be  less  sensitive  than  HNS-I.  Setchell, 
however,  observed  HNS-I  displaying  a  signifi¬ 
cant  amount  of  chemical  energy  release  after 
shock  passage  whereas  the  fine-grained  HNS- 
FP  displayed  no  chemical  reactivity  whatever. 
This  observation  is  verified  by  the  Pop  plot  data 
of  Kramer  (15)  showing  HNS-I  as  more  sensitive 
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TABLE  1 

Microstructural  dimensions  of  the  three  HNS  types  before  and  after  pressing 


Pressing  Powder 
Grain  Dimensions 
(pm  x  pm) 

Average  Pore 
Size,  d  (pm) 

Average  Pore 
Spacing,  s  (pm) 

HNS-II 

167.0  X  51.0 

5.30 

42.80 

HNS-I 

8.8  X  4.0 

0.61 

4.86 

HNS-FP 

1.5  X  1.4 

0.15 

1.30 

than  HNS-FP  for  the  conditions  stated.  The  on¬ 
ly  parameter  to  vary  in  these  experiments  was 
the  initial  grain  size,  in  view  of  which,  it  seems 
reasonable  to  attribute  the  observed  reversal  of 
shock  sensitivity  in  HNS  to  the  difference  in  in¬ 
itial  grain  size.  SEM  photographs  of  the  three 
HNS  types  reveal  porous  microstructures 
without  well  defined  grain  boundaries  which  can 
be  attibuted  to  the  ductile  behavior  of  the 
material  during  pressing.  Thus,  it  seems 
reasonable  to  assume  that  the  pore  collapse 
mechanism  is  primarily  responsible  for  hot  spot 
formation  in  this  explosive,  thereby  making  it 
a  perfect  candidate  for  the  present  analysis. 

Estimation  of  the  values  for  the  yield  stress 
Y  and  shock  front  viscosity  p  for  HNS  are  based 
on  observations  of  the  mechanical  response  of 
the  explosive  and  shock  front  thickness 
estimates  (17),  whereas  qx  is  determined  by 
means  of  the  relation  QX~^lcv  along  with  the 
known  values  for  *  and  Cy  (18,19).  Consequent¬ 
ly,  Y=7  bar,  p  is  in  the  range  from  10  to  100 
poise,  and  qx=5.6  g/cm-s.  The  shock  front 
thickness  ws  is  estimated  to  be  0.4pm  for  a  30 
xbar  shock  and  the  length  scale  xc  is  assumed 
to  lie  in  the  range  ws<xc<10ws.  As  mentioned 
previously,  the  experimental  conditions  were 
such  that  P=30  kbar  for  a  shock  duration  t  of 
~lps  '"'ms,  the  first  three  dimensionless  par¬ 
ameter  i  j  eq.  (2),  assume  the  following  values: 

2.3X10“* ,  300  <  —  <  3000  , 

P  p 

.,  W) 

1.8  <JL<  18. 

ex 

The  values  of  these  parameters  suggest  that  1) 
the  energy  dissipation  associated  with  shock 
compression  is  due  to  viscous  heating  (rather 
than  plastic  work),  2)  th\i  experimental  condi¬ 
tions  are  such  that  the  shock  duration  is  suffi¬ 
ciently  long  so  as  to  have  no  affect  on  the 


initiation  process,  and  3)  the  shock  front  struc¬ 
ture  is  primarily  determined  by  viscous  effects 
(instead  of  heat  conduction).  The  values  of  the 
pore  size  and  spacing  parameters  <5  and  A  are 
determined  by  means  of  the  microstructure  in¬ 
formation  in  Table  1  and  the  estimated  value 
of  ws.  As  seen  from  their  values  listed  in  Table 
2, 6  ranges  over  values  greater  than  to  less  than 
1,  whereas  A  is  relatively  constant  for  the  three 
HNS  types.  That  A  remains  fixed  is  consistent 
with  the  fact  that  the  three  HNS  types  possess 
the  same  initial  pressing  density  or  equivalent¬ 
ly,  the  same  initial  porosity.  Thus,  the  only 
parameter  to  vary  between  the  three  types  is 
the  pore  size  parameter  6,  which  in  view  of  its 
significance  (i.e.,  representing  initial  grain  size 
or  pore  size),  the  remainder  of  this  work  will  be 
devoted  to  the  study  of  the  influence  of  initial 
grain  size  on  the  shock  sensitivity  of  HNS, 


TABLE  2 

Measured  values  of  the  pore  size  and  spacing 
parameters  6  and  A  for  the  three  HNS  types 


6  (=d/ws) 

A  (=s/d) 

HNS-II 

13.3 

8.1 

HNS-I 

1.5 

8.0 

HNS-FP 

0.4 

8.7 

METHODOLOGY 

The  methodology  within  the  present  analysis 
centers  around  the  use  of  a  microstructure 
model  for  HNS  and  observation  of  its  response 
to  shock  loading  for  various  values  of  the  pore 
size  parameter  <5.  The  complexity  of  the  model 
is  substantially  reduced  by  assuming  the  hot 
spots  are  noninteracting  during  their  formation. 
This  assumption  appears  justified  for  the  HNS 
types  considered  herein  due  to  the  relatively 
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Fig.  1(d) 

Fig.  1.  Hot  spot  evolution  by  means  of  pore 
collapse  ((a)  A  30  kbar  shock  wave,  propagating 
vertically  upward,  is  located  just  below  the  pore, 
(b)  Partial  collapse  of  the  pore.  The  lower  por¬ 
tion  of  the  pore  surface  is  accelerating  towards 
the  upper  portion,  (c)  and  (d)  Temperature  and 
pressure  contour  plots  of  the  hot  spot  at  maturi¬ 
ty,  corresponding  to  d  =  1.36.) 

large  values  of  the  pore  spacing  parameter  A 
displayed  by  these  types  (see  Table  2).  Thus,  the 
HNS  microstructure  may  be  represented  by  a 
self-consistent  model  that  effectively  models  the 


response  of  the  complete  network  by  consider¬ 
ing  only  a  small  portion  of  it  containing  only  the 
essential  feature  of  the  microstructure.  Here, 
the  model  is  comprised  of  a  cylinder  of  unreac¬ 
tive  HNS  initially  at  the  crystal  density  of  1.74 
g Ice,  within  which,  a  single  spherical  pore  of 
0.6//m  diameter  is  embedded.  The  dimensions 
of  the  cylinder  are  set  such  that  the  hydrody¬ 
namics  of  the  pore  collapse  is  unaffected  by 
wave  interactions  with  the  lateral  and  down¬ 
stream  boundaries.  The  HNS  material  is  mod¬ 
eled  as  an  isotropic,  elastic-perfectly  plastic 
compressible  material  possessing  a  yield 
strength  of  7  bar  (20).  Hugoniot  information  for 
the  HNS  material  was  obtained  from  the  work 
of  Sheffield  et  al.  (21)  and  represented  by  the 
equation 

Uq  =(3.026  +  1. 141un)  •  (5) 

3  F  /is 

Plane  shock  waves  of  various  rise-times  were  in¬ 
troduced  at  the  lower  boundary  of  the  cylinder 
in  order  to  observe  hot  spot  formation  by  means 
of  collapse  of  the  embedded  pore.  The  value  of 
d  for  any  particular  run  was  determined  by 
dividing  the  fixed  initial  pore  diameter  by  the 
corresponding  shock  front  width. 

RESULTS 

Figure  1  illustrates  the  general  features  of  hot 
spot  evolution  where  in  la,  the  wave  is  prop¬ 
agating  vertically  upward  and  located  just 
below  the  pore.  Figure  lb  shows  the  pore  par¬ 
tially  collapsed  with  the  lower  portion  of  the 
pore’s  surface  experiencing  an  acceleration 
towards  the  upper  portion.  Figures  lc  and  Id 
display  the  temperature  and  pressure  contour 
plots  of  the  hot  spot  at  maturity  corresponding 
to  the  value  of  d=1.36.  The  results  of  the 
calculations  illustrate  two  important  features 
of  hot  spot  formation.  The  first  being  the  im¬ 
pact  of  the  lower  portion  of  the  pore  surface 
with  the  upper  portion,  giving  rise  to 
temperatures  that  are  dependent  upon  the  cor¬ 
responding  value  of  the  pore  size  parameter  d. 
This  result  is  illustrated  in  Figure  2  showing  im¬ 
pact  temperature  excursions  for  values  of  d  and 
between  0.39  and  1.57.  The  time  origin  of  these 
plots  corresponds  to  the  moment  of  contact  of 
the  lower  and  upper  surface  portions,  with  the 
temperature  excursions  continuing  to  the  onset 
of  hot  spot  maturity.  As  seer,  in  the  figure,  the 
maximum  impact  temperatures  corresponding 


Fig.  2.  Impact  temperature  excursions  for 
various  values  of  the  pore  size  parameter  6 


to  values  of  d  greater  than  0.8  exhibit  no  depend¬ 
ence  on  the  pore  size  parameter.  However,  those 
temperatures  corresponding  to  values  of  d  less 
than  0.8  do  indeed  display  a  dependence  on  d, 
where  the  temperature  now  decreases  for  a 
decrease  in  d.  The  second  important  feature  of 
hot  spot  formation  is  associated  with  the  ir¬ 
reversible  work  of  closing  the  pore  in  an  elastic- 
plastic  material.  This  process  leads  to  the 
deposition  of  thermal  energy,  denoted  here  by 
E^,  at  the  hot  spot  site.  The  calculated  values 
of  the  hot  spot  thermal  energy  E-p  appear  in 
Table  3  for  the  various  values  of  d  considered 
in  the  present  analysis.  These  values  of 
represent  the  average  thermal  energy  over  the 
hot  spot  region  at  the  onset  of  maturity,  where 
the  thermal  energy  at  any  point  P  in  the  hot 
spot  region  is  caluclated  according  to  the  relation 

Et(P)  =  cvC(P)T(P),  (6) 

TABLE  3 

Calculated  values  of  hot  spot  thermal  energy  Ej> 
as  a  function  of  the  pore  size  parameter  6 


ave.=1364,  max.  dev.=3% 
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where  e  and  T  denote  the  mass  density  and 
temperature  and  <^(=1.5  J/g-K)  the  specific 
heat.  As  may  be  seen  in  Table  3,  the  hot  spot 
thermal  energy  is  independent  of  the  pore  size 
parameter  d  for  all  values  considered,  where,  the 
maximum  deviation  from  the  mean  value  of  E'p 
is  3%.  The  temperature  and  pressure  fields  at 
hot  spot  maturity  persist  for  approximately  0.5 
ns  after  which,  they  begin  to  decay  towards  a 
thermomechanical  equilibrium  with  the  sur¬ 
rounding  bulk-shocked  material.  Averaging  the 
hot  spot  temperature  field  as  generated  by  both 
the  surface  impact  and  plastic  work 
mechanisms  over  the  lifetime  of  the  hot  spot 
(~0.5  — 1.0  ns)  yields  the  time-averaged 
temperature  values  listed  in  Table  4  as  a  func¬ 
tion  of  the  pore  size  parameter  d.  Here,  the 
temperatures  exhibit  no  dependence  on  d  for 
values  greater  than  0.8,  below  which,  the 
lifetime-averaged  hot  spot  temperatures  then 
decrease  for  a  decrease  in  d.  In  fact,  the  calcula¬ 
tions  predict  a  9.3%  reduction  in  this  tempera¬ 
ture  for  d=0.39. 


TABLE  4 

Lifetime-averaged  values  of  hot  spot  tempera¬ 
tures  as  a  function  of  the  pore  size  parameter  6 


d 

Tave<K) 

1.57 

1200 

1.36 

1192 

0.82 

1199 

0.53 

1099 

0.39 

1086 

DISCUSSION 

As  mentioned  in  the  previous  section,  the  for¬ 
mation  of  a  hot  spot  involves  two  essential 
features.  The  first  being  the  impact  of  the 
upstream  and  downstream  portions  of  tho  pore 
surface  giving  rise  to  temperatures  that  are 
dependent  upon  the  parameter  d  whenever 
d<0.8.  The  second  feature  is  associated  with  the 
collapse  of  the  pore  by  means  of  irreversible 
work  performed  by  the  shock  wave  in  an  elastic- 
plastic  material.  The  result  of  this  second 
feature  is  the  deposition  of  thermal  energy,  the 
amount  of  which,  was  found  to  be  independent 
of  the  pore  size  parameter  d.  As  a  result  of  these 
features,  the  lifetime-averaged  hot  spot  temper¬ 
atures  decrease  whenever  d  is  reduced  to  a  value 
below  0.8.  Assuming  that  hot  spot  chemical  de¬ 


composition  displays  an  induction  time  on  the 
order  of  1  ns,  then  as  d  is  decreased  below  0.8, 
the  results  of  the  calculations  suggest  the  for¬ 
mation  of  hot  spots  possessing  temperatures 
that  are  insufficient  to  ignite  the  grain  burning 
process.  Indeed,  this  appears  to  be  the  case  for 
HNS-FP,  where  the  medium-grained  HNS-I 
displays  a  shorter  run  distance  to  detonation 
than  that  of  the  fine-grained  HNS-FP,  cor¬ 
responding  to  a  reduction  in  d  from  1.5  to  0.4. 
The  fact  that  the  medium-grained  HNS-I  ex¬ 
hibits  a  shorter  run  distance  to  detonation  than 
the  coarse-grained  HNS-II,  and  in  view  of  the 
independence  of  hot  spot  temperatures  on  d  for 
d>0.8,  suggests  that  the  dominant  mechanism 
in  the  shock  initiation  process  of  both  HNS-I 
and  II  is  that  of  grain  burning.  However,  as  sup¬ 
ported  by  experimental  observation  and  the 
results  of  the  present  calculation,  there  is  a 
critical  average  pore  diameter  (and  hence  grain 
size)  below  which,  a  sufficient  portion  of  the  hot 
spots  formed  are  unable  to  ignite  the  grain  burn¬ 
ing  process  within  the  time  required  for  an  effec¬ 
tive  coupling  of  the  energy  release  to  the  shock 
front.  In  the  case  of  HNS,  this  critical  average 
pore  diameter  lies  somewhere  in  between  those 
displayed  by  HNS-I  and  FP.  The  lack  of 
dependence  of  E'p  on  d  in  the  present  calcula¬ 
tion  may  be  attributed  to  the  absence  of  rate 
dependence  in  the  constitutive  model  for  the 
HNS  material  (recall  the  HNS  was  modeled  as 
elastic-perfectly  plastic).  However,  results  of 
other  investigations  (4,5)  incorporating  rate 
dependent  material  response  suggest  that  E'p 
would  tend  to  decrease  for  a  decrease  in  d 
whenever  d'M.  This  additional  result  would  im¬ 
ply  an  even  greater  impotence  of  the  hot  spots 
than  described  above  in  their  role  of  igniting  the 
grain  burning  process. 

Although  the  analysis  described  in  this  paper 
is  specific  to  HNS,  the  underlying  features  of 
hot  spot  formation  by  means  of  pore  collapse 
are  universal  and  should  be  applicable  to  all 
heterogeneous  explosives  that  depend  upon  the 
mechanism  of  pore  collapse  as  a  primary  source 
of  hot  spot  formation. 
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DISCUSSION 

JULIUS  ROTH,  Portola  Valley,  California 

It  would  appear  that  the  coefficients  in  Eq. 
(5)  of  the  paper  may  have  been  transposed.  In 
the  5th  Detonation  Symposium  p.222,  we  show¬ 
ed  that  Us  =  1.00+3.18up  for  HNS-II,  in  good 
agreement  with  subsequent  results  by  Sheffield 
et  al.  (6th  Detonation  Symposium  p.752)  for 
HNS-I  and  HNS-II.  Both  our  work  and  that  of 
Sheffield  was  for  Q  =1.58  g/cm’  which  is  essen¬ 
tially  the  same  as  Taylor’s  initial  density. 

REPLY  BY  P.A.  TAYLOR 
My  paper  was  based  on  simulating  the  details 
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of  shock  compression  of  the  material 
microstructure  which  was  modeled  as  a  volume 
of  HNS  material  at  crystal  density  (q  —  1.74 
g/cc)  containing  a  spherical  void.  As  such,  the 
wave  code  that  I  used  in  the  simulation  required 
a  Hugoniot  for  this  HNS  material  at  crystal 
density.  Using  the  equation  of  state  for  HNS 
as  determined  by  Sheffield  et  al.  (6th  Detona¬ 
tion  Symposium,  p.  748),  I  arrived  at  the  Us-Ue 
Hugoniot  for  HNS  at  1.74  g/cc  that  appears  in 
Eq  .  (5).  In  response  to  your  comment,  I  have 
checked  this  Hugoniot  and  find  that  it  is  indeed 
correct  for  HNS  at  crystal  density. 

DISCUSSION 

EDWARD  LEE,  Lawrence  Livermore  National 
Laboratory 

Does  th:  HNS-FP  show  better  divergence  i.e., 
run  distance  shorter  than  HNS-I  at  higher 
pressure?  If  yes,  how  is  this  explained  in  your 
modeling  analysis? 

REPLY  BY  P.A.  TAYLOR 

Pop-plot  data  of  P.  Kramer  (ref.  15  in  paper) 


of  Pantex  suggests  that  for  sustained  shocks, 
HNS-FP  will  display  shorter  run  distances  than 
HNS-I  at  pressures  above  'WOO  kbars.  If,  at 
these  pressures,  the  hot  spot  model  still  holds 
as  I  have  presented  it  in  the  paper,  then  it’s 
quite  possible  that  at  these  pressures,  the  pore 
size  parameter  6  is  now  greater  than  1  for  HNS- 
FP  since,  by  definition,  d  is  proportional  to  the 
square  root  of  the  shock  amplitude.  Thus,  ade¬ 
quate  hot  spot  nucleation  in  HNS-FP  is  restored 
and  its  sensitivity  will  then  be  dominated  by  the 
availability  of  specific  surface  area.  If  so,  then 
HNS-FP  can  then  be  expected  to  be  more  sen¬ 
sitive  than  HNS-I  since  it  possesses  a  greater 
internal  specific  surface  area.  However,  my  per¬ 
sonal  view  is  that  this  process  of  ignition  and 
growth  that  I  have  described  is  applicable  only 
at  lower  shock  amplitudes  whereas,  for  the 
higher  amplitudes,  I  suspect  that  the  chemical 
energy  release  is  occurring  very  close  to  the 
shock  front  and  associated  with  various 
mechanisms  among  which,  void  collapse  may 
not  be  the  most  important. 
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MODELING  GRANULAR  EXPLOSIVE  DETONATIONS  WITH 
SHEAR  BAND  CONCEPTS 


M.E.  Kipp 

Sandia  National  Laboratories 
Albuquerque,  New  Mexico  87185 


In  theories  that  are  formulated  to  describe  shock-induced  reactions 
in  granular  explosives,  it  is  necessary  to  identify  and  model 
mechanisms  that  contribute  to  the  growth  or  decay  of  the  reaction. 
The  concept  of  hot  spot  formation  and  subsequent  reaction  is  exam¬ 
ined  on  the  basis  of  recent  work  on  shear-band  nucleation.  In  this 
context,  the  energy  dissipated  by  the  shock  preferentially  heats  a 
volume  fraction  of  the  material  to  a  relatively  high  local  temperature. 
Heat  conduction  takes  place  driving  the  temperatures  toward 
equilibrium,  in  competition  with  the  reaction  of  the  heated  material 
As  the  amplitude  of  loading  increases,  the  volume  of  nucleated  hot 
material  also  increases,  thus  decreasing  the  volume  of  cold  material 
remaining  that  must  decompose  by  grain  burning. 


INTRODUCTION 

As  reactive  flow  models  of  porous  granular 
explosives  have  developed,  various  physical 
concepts  associated  with  mechanical  loading 
and  induced  chemical  reactions  have  been  ex¬ 
amined.  In  most  formulations,  concepts  of 
nucleation  and  reaction  of  hot  spots  provide  the 
initial  step  in  the  decomposition  process  (1,2, 
3, 4).  In  some  cases,  as  in  Nunziato,  et  al(5)  and 
Hayes(6),  the  initial  volume  of  available  hot  spot 
material  was  prescribed,  and  was  generally 
associated  with  a  volume  of  material  equivalent 
to  available  pore  volume.  It  was  argued  that  the 
deformation  during  shock  loading  localizes 
around  the  pores,  and  as  the  pore  collapses,  this 
volume  of  highly  deformed  material  is  quite 
similar  to  that  of  the  original  pore  volume  (6). 
Numerical  studies  have  shown  that  the  pore  col¬ 
lapse  can  involve  jetting,  and  that  the  localized 
plastic  deformation  provides  an  energy  dissipa¬ 
tion  mechanism  (3, 6, 7).  In  addition,  the  studies 
by  Ta>lor  (7)  indicate  that  this  hot  spot  forma¬ 
tion  mechanism  is  related  to  grain  size  (and  con¬ 
sequently  pore  size),  and  contributes  to  ob¬ 
served  grain  size  sensitivity  trends  of  pressed 
explosives. 

At  relatively  low  pressures,  this  equivalent 


pore  volume  concept  is  quite  reasonable,  but  as 
the  shock  amplitude  grows,  the  amount  of 
energy  required  to  be  dissipated  by  crushing  of 
the  solid  is  too  large  to  be  confined  to  this  fixed 
volume.  In  addition,  as  more  porosity  is  intro¬ 
duced  into  the  material,  this  prescribed  volume 
of  hot  spots  becomes  large,  and  assumptions  in¬ 
herent  in  the  application  of  the  equivalent 
volume  concept  (e.g.  widely-spaced  voids)  need 
to  be  reconsidered. 

In  the  present  paper,  recent  advances  of 
shear-band  concepts  for  shock-loaded  metals  are 
explored  as  a  means  to  construct  a  mechanism 
that  initiates  the  reaction  in  granular  explosives 
due  to  shock  loading.  Although  the  study  here 
del'berately  excludes  the  porous  collapse 
mechanisms  mentioned  above,  it  is  to  be  ex¬ 
pected  that  multiple  types  of  localized  deforma¬ 
tion  are  responsible  for  the  initiation  of  granular 
explosives  and  eventually  must  be  included  in 
a  more  complete  model.  As  in  previous  models, 
reference  is  made  to  experimental  evidence  for 
the  existence  of  localized  heating,  and  the 
reported  measurements  of  associated  tempera¬ 
tures  (8).  The  concepts  are  included  in  a  thermo¬ 
mechanical  continuum  mixture  model,  in  which 
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individual  temperatures  for  the  hot  spots  and 
parent  grains  are  accommodated.  An  application 
to  PBX-9404  is  described. 

FORMULATION 

As  a  compressive  shock  wave  passes  through 
a  material,  dissipation  of  energy  occurs  at  each 
material  point  as  it  is  transformed  from  ambient 
conditions  to  the  shocked  state.  One  of  the 
mechanisms  proposed  to  account  for  thio  dis¬ 
sipated  energy  in  metals  is  that  of  localized  ther¬ 
mal  trapping  in  the  form  of  shear  bands  (9).  The 
concept  of  shear  bands  and  related  reaction  pro¬ 
cesses  in  explosives  was  discussed  by  Frey  (10), 
and  the  general  features  of  hot  spot  formation 
with  subsequent  thermal  cooling  has  been  treat¬ 
ed  by  several  authors,  both  in  the  application 
to  metals  (9, 11)  and  to  explosives  (3,  6,  8, 10). 

A  few  key  assumptions  are  required  to  per¬ 
mit  a  model  to  be  constructed  that  has  parallels 
in  metal  shear-band  formation,  and  is  consistent 
with  observed  explosive  behavior.  Although  the 
fine  structure  of  shear  bands  observed  post¬ 
shock  in  metals  cannot  be  readily  seen  in  react¬ 
ing  materials,  as;  noted  in  the  introduction,  there 
is  evidence  for  the  existence  of  hot  spots  in 
shocked  explosive  (e.g.  (8)).  The  heterogeneous 
nature  of  granular  explosives  (and  metals)  con¬ 
tributes  to  the  tendency  to  deform  locally. 

The  energy  available  for  dissipation  during 
shock  loading,  £D,  may  be  approximately 
represented  by  the  area  between  the  Hugoniot 
and  the  Rayleigh  line  (9),  provided  that  the 
Hugoniot  and  release  isentrope  are  nearly  the 
same  (Figure  1).  (As  the  porosity  increases,  this 
assumption  loses  its  validity,  and  more  precise 
accounting  must  be  made  of  the  energy.)  The 
dissipated  energy  h  then 

£d  =  -JV  (PR-PH)dV,  (1) 

V0 

where  PR  is  the  Rayleigh  line  upon  which 
loading  occurs,  and  PH  is  the  Hugoniot  describ¬ 
ing  the  shock  end  states.  If  we  assume  that  this 
energy  is  dissipated  in  a  relatively  small  volume 
fraction  of  the  material,  then  large  local 
temperature  increases  will  occur.  The  magni¬ 
tude  of  this  volume  fraction  of  hot  material 
determines  the  relative  temperature  difference 
that  will  exist  in  the  hot  and  cold  solid.  The  total 
energy,  £D,  is  a  function  of  the  shock  ampli¬ 
tude  and  curvature  of  the  Hugoniot,  and  given 


Fig.  1.  Dissipated  energy  in  shock  loading 

a  partitioning  of  hot  and  cold  volume  fractions, 
governs  the  actual  magnitude  of  the  tempera¬ 
ture  increase. 

The  upper  constraint  imposed  here  on  the  for¬ 
mation  of  hot  material  is  that  in  the  steady 
detonation  wave,  all  of  the  explosive  will  be 
transformed  to  hot  material  by  the  time  the 
spike  point  is  reached  in  the  rise-time  of  the 
wave.  At  lower  pressure  shocks,  during  the 
growth  to  detonation,  the  nucleated  volume 
fraction  of  hot  material,  <J>H,  will  be  assumed  to 
be  proportional  to  £D  of  the  local  shock, 

=  £D/£DS>  (2) 

where  £DS  is  the  calculated  dissipated  energy 
for  a  shock  to  the  spike  point.  Since  the 
temperature  of  the  hot  material  is  also  propor¬ 
tional  to  the  dissipated  energy,  £D,  one  im¬ 
mediate  implication  of  this  assumption  is  that 
the  initial  temperature  of  the  hot  material  will 
be  virtually  independent  of  shock  amplitude. 
The  lack  of  perfect  identity  of  the  Hugoniot  and 
the  isentrope  means  that  some  temperature  in¬ 
crease  in  the  hot  material  will  occur  with  in¬ 
creased  shock  amplitude  for  normal  nonlinear 
material  behavior.  These  minor  variations  in 
temperature  are  consistent  with  observations 
of  von  Holle  (8),  where  over  a  range  of  shock 
amplitudes,  relatively  constant  temperatures 
were  achieved  for  an  HMX-based  explosive. 

The  distribution  of  the  volume  fraction  of  rot 
material  must  also  be  addressed,  because 
characteristic  lengths  and  available  surface  area 
will  influence  the  heat  conduction,  as  well  as  the 
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reaction  kinetics.  Guidance  from  shear-banding 
analysis  is  helpful  here.  Grady  and  Kipp  (11) 
have  determined  that  in  materials  with  shear 
strength,  the  number,  width,  and  spacing  of  the 
bands  are  influenced  by  concepts  of  momentum 
diffusion  and  heat  conduction.  The  spacing  is 
a  function  of  wave  communication  times  be¬ 
tween  bands,  and  the  width  is  dependent  on  the 
heat  transfer  properties  of  the  material.  If  we 
assume  a  band  structure  in  the  present  case, 
then  a  characteristic  configuration  would  ap¬ 
pear  as  in  Figure  2.  As  noted  earlier,  then,  at  an 


Distance 


Fig.  2.  Initial  local  temperature  distributions 
resulting  from  shock  to  pressure  P 

increased  shock  amplitude,  the  temperature 
achieved  in  the  hot  material  changes  little,  but 
an  increased  volume  of  hot  material  is  formed. 
One  possibility  is  for  the  band  width  to  increase, 
retaining  a  constant  spacing.  It  seems  more 
likely,  however,  based  on  the  work  of  Grady  and 
Kipp  (11),  that  the  number  of  bands  will  increase 
with  shock  amplitude,  thus  decreasing  the  spac¬ 
ing  between  bands,  and  increasing  the  available 
surface  area  for  grain  burning.  Usually  an  in¬ 
creased  rate  of  loading  and  energy  available  for 
dissipation  is  associated  with  ligher  pressure 
amplitudes,  with  the  result  that  more  bands 
nucleate  and  grow  before  local  relaxation  effects 
or  heat  conduction  can  arrest  their  formation 
(11). 

In  Figure  2,  the  volume  fraction  of  hot 
material,  <J>h>  is  al(a+b).  The  shear  band  width, 
a ,  has  been  determined  to  be  related  to  thermal 
conduction  (11)  by 


where  t  is  the  time  available  to  grow  during  the 
rise  time  of  the  wave,  x  is  the  thermal  conduc¬ 
tivity,  Q  is  the  density,  and  Cv  is  the  specific 
heat.  Approximate  heat  conduction  under  these 
circumstances  has  been  related  to  the  band 
width  (11),  and  the  amount  of  heat  transferred 
to  the  cooler  material  will  depend  on  the  relative 
width  of  the  hot  bands.  We  assumed  the  form 

dTH  _  tC~th  (4) 

dt  eCv  (1.4a)2  ’ 

where  TH  is  the  temperature  of  the  hot  mater¬ 
ial,  and  Tq  is  the  temperature  of  the  cold 
material.  (The  factor  1.4  in  the  denominator  pro¬ 
vides  a  better  approximation  to  the  heat  flow 
under  the  assumed  initial  circumstances  of  dis¬ 
continuous  temperatures  in  the  hot  and  cold 
solid,  Swegle  (12).)  At  early  times,  the  shear 
band  width  is  very  small,  so  that  the  heat  con¬ 
duction  rates  are  large.  When  the  loading  rates 
and  dissipated  energy  rates  are  large  enough, 
the  bands  will  grow  to  sufficient  size  that  a  dis¬ 
continuous  temperature  distribution  can  be 
maintained. 

Finally,  reaction  laws  must  be  specified  for 
the  hot  and  cold  material  decomposition.  As  in 
past  models,  the  reaction  laws  have  tended  to 
be  tailored  to  the  specific  formulation  (1,  2,  3, 
4,  5),  so  parameters  and  forms  have  not  been 
unique.  Thermal  explosion  of  the  hot  material 
is  assumed  here,  and  grain  burning  is  treated 
by  pressure  dependent  rules  (2,  4,  5,  6). 

REACTIVE  MIXTURE  MODEL 

The  thermomechanical  structure  into  which 
the  concepts  of  the  previous  section  have  been 
incorporated  is  a  continuum  theory  of  multi¬ 
phase  mixtures  (5).  This  theory  provides  a  con¬ 
sistent  means  whereby  each  constituent  of  the 
mixture  can  have  its  own  equation  of  state  with 
unique  temperature,  density,  and  pressure.  The 
constituents  interact  with  one  another  through 
mass  and  energy  exchange  terms  that  include 
the  reaction  kinetics,  local  heat  transfer,  and 
volume  fraction  changes.  The  latter  two  drive 
the  mixture  toward  thermal  and  pressure  equi¬ 
librium,  respectively.  (In  this  theory  as  applied 
to  shock-wave  problems,  the  characteristic 
times  are  sufficiently  short  that  relative  diffu¬ 
sion  of  the  constituents  has  been  neglected.) 
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The  model  has  been  incorporated  into  the 
WONDY  finite  difference  wave  propagation 
code  (13)  as  an  equation  of  state.  , The  energy 
dissipation  is  calculated  with  the  artificial 
viscosity  in  the  code,  Q,  which  is  identified  with 
the  pressure  difference  between  the  Hugoniot 
and  the  Rayleigh  line.  The  rate  of  dissipation  is 

£D=eQ/e2»  (5) 

where  q  is  the  mixture  density.  This  dissipated 
energy  is  then  channelled  into  the  heating  of  the 
hot  bands  of  material  via  the  constituent  energy 
balance  equations. 

The  nucleation  of  the  hot  bands  out  of  the 
parent  granular  explosive  is  accomodated  by 
the  mass  balance  equations  for  the  constituents 
(5).  These  balance  laws  also  take  into  account 
the  mass  exchanges  associated  with  the  phase 
transformations  due  to  chemical  reaction. 


The  equation  of  state  forms  of  the  constituent 
materials  are  discussed  in  Numziato,  et  al  (5), 
with  the  change  that  the  solids  are  described 
more  simply  with  the  Helmholz  free  energy 


F(T,V)=Cv[(T— T0)(l—  I  (V0-V))+Tln(l2  )] 


a  form  discussed  by  Hayes  and  Mitchell  (14).  As 
before,  the  pressure,  p,  and,  internal  energy,  e,  are 
defined  by 


p= 


-8F 

av 


e=F-T^ 
3T  ’ 


(7) 


In  the  free  energy  function,  Equation  (6),  T/V 
(assumed  constant),  the  specific  heat,  Cv, 
reference  volume,  V»  reference  temperature, 
T0,  modulus,  K0,  and  power,  N,  form  the  equa¬ 
tion  of  state  parameters.  The  reaction  products 
are  (Inscribed  by  an  Abel  equation  of  state  (5). 


APPLICATION  TO  PBX-9404 

The  equation  of  state  parameters  for 
PBX-9404,  for  use  in  Equation  (6),  are 
CV=1.5X103  J/kgK,  T/V=2.1  Mg/m3,  V0=535 
X10_6m3/kg,  K0=12.41  GPa,  N=7.75,  and 
T0=298K.  This  same  equation  of  state  holds  for 
both  the  hot  and  cold  solids.  The  specific  energy 
released  in  the  reaction  of  both  the  hot  and  cold 
material  is  assumed  to  be  5.73  MJ/kg. 

Using  the  isentrope  from  Equations  (6)  and  (7) 
to  approximate  the  Hugoniot,  calculation  of  the 
total  available  dissipated  energy  to  an  assumed 


spike  point  of  50  GPa  for  PBX-9404,  results  in  a 
value  for  fDg  of  n-,2.5MJ/kg.  From  Equations  (2) 
and  (5),  the  volume  fraction  rate  of  formation  of 
hot  material,  is  then 

(8) 

The  reaction  rate  of  the  hot  material,  <J>hR’  ^ 
assumed  to  be  exponential  in  the  temperature  of 
the  hot  material,  taking  the  form 

*HR=A<yi?^HeTH,B,  (9) 

where  yH  is  the  density  of  the  hot  material,  and 
the  constants  A  and  B  are  100m3/kgs  and  298K 
respectively.  is  the  maximum  volume  frac¬ 

tion  of  hot  material  that  has  existed  locally,  and 
supports  increased  rates  of  reaction  for  larger 
volumes  of  nucleated  hot  material.  (Attempts  to 
use  thermal  explosion  data  of  Rogers  (15)  have 
been  unsuccessful  to  date.  The  Arrhenius  reaction 
rates  cause  the  growth  to  be  too  rapid  at  the  wave 
front  in  our  calculations,  and  we  were  not  able  to 
obtain  results  that  agree  with  available  wave  prop¬ 
agation  data.)  The  responses  of  the  HMX  and 
binder  have  been  combined  for  this  application. 

The  rate  of  grain  burning,  <j>GB,  has  been  as¬ 
sumed  to  take  the  form 

ll)GB~^yc4cS<(>R^>RePR/D>  (10) 

where  PR  is  the  reaction  products  pressure,  yc  is 
the  grain  density,  <j>cis  the  grain  volume  fraction, 
<J>R  is  the  products  volume  fraction,  and  C  and  D 
are  constants,  7X10"8  m3/kgPa  s  and  10  GPa 
respectively. 

The  thermal  conductivity,  x,  required  in  Equa¬ 
tion  (4),  was  taken  to  be  0.29  J/msK. 

RESULTS 

When  shocked  to  3.8  GPa,  the  temperature  in 
the  hot  material  increases  from  ambient  (298K)  to 
about  1600K.  This  temperature  is  slightly  higher 
than  that  reported  by  von  Holle  (8).  The  volume 
fraction  of  hot  material  at  this  pressure  is  about 
1.6  percent,  nearly  the  same  as  the  assumed  in¬ 
itial  porosity  of  1.5  percent  (If  no  heat  conduc¬ 
tion  from  the  shear  bands  were  permitted,  the 
temperature  reaches  about  1900  K  for  this 
amplitude  shock.)  The  calculated  shear  band 
temperature  and  volume  fraction  for  a  few  initial 
pressures  are  illustrated  in  Figure  3.  The 
temperature,  as  discussed  above,  indeed  varies 
very  little  in  the  pressure  regime  of  interest  here. 
The  volume  fraction  is  increasing  with  pressure. 
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Fig.  3.  Variation  of  temperature  and  volume  frac¬ 
tion  of  shear  bands  • vith  shock  pressure 


and  when  detonation  conditions  are  reached  (not 
shown  in  the  figure),  all  of  the  material  has  been 
transformed  to  hot  shear  bands,  and  reacts  accor¬ 
ding  to  Equation  (9). 

The  calculated  shear  band  width  at  3.8  GPa  is 
about  0.16/an,  which  is  consistent  with  sizes  in  the 
analyses  of  Frey  (10)  and  Grady  and  Kipp  (11).  As 
the  amplitude  of  load  increases,  the  band  width 
decreases,  until  at  detonation,  the  shear  bands 
have  time  to  grow  only  to  0.06/an  in  width. 

The  evolution  of  a  3.8  GPa  supported  shock  at 
1  mm  intervals  as  reported  by  Kennedy  and  Nun- 
ziato  (16)  is  shown  in  Figure  4.  The  agreement  is 
very  good  through  5  mm,  with  some  slight  delay 
in  final  growth  to  detonation  at  6  mm.  However 
both  the  growth  of  the  shock  front  and  the  in¬ 
crease  in  wave  slope  behind  the  shock  are  well 
represented. 

The  evolution  of  the  same  initial  3.8  GPa  shock 
through  detonation  is  presented  in  Figure  5.  The 
development  of  the  wave  with  the  shock  growing 
at  the  front  and  the  pressure  building  behind  the 
front  to  a  steady  detonation  is  characteristic  of 
heterogeneous  explosives,  and  is  quite  similar  to 
that  previously  reported  (e.g.  2, 4,  5).  The  detona¬ 
tion  wave  assumes  the  classic  form  of  the  von 
Neumann  spike  followed  by  unloading  to 
Chapman-Jouguet  conditions.  The  C*J  pressure 
is  about  37  GPa,  and  the  detonation  velocity 
has  reached  8.8  km  Is,  both  in  agreement  with 
tabulated  values  (17). 


Fig.  4.  Comparison  of  data  from  Kennedy  and 
Nunziato  (16)  with  calculations  for  a  3.8  GPa 
shock 


Distance  (mm) 


Fig.  5.  Evolution  of  detonation  in  PBX-9404 
from  3.8  GPa  shock 

Run  distance  to  detonation  calculations  are 
compared  with  data  (17)  in  Figure  6.  Again,  the 
results  indicate  that  the  reactions  are  evolving 
from  the  initial  shock  conditions  in  a  satisfac¬ 
tory  manner.  We  note  that  the  low  amplitude 
shock  (2.6  GPa)  has  grown  to  detonation  about 
1-2  mm  early. 
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Fig.  6.  Run  distance  to  detonation  in  PBX-9404: 
Calculations  and  data  (Reference  17) 

Comparisons  with  a  much  wider  body  of  data 
need  to  be  made  in  order  to  conclude  that  the 
model  has  accounted  for  sufficient  physical 
microstructural  response.  There  are  several 
issues  that  have  been  only  briefly  touched  upon 
that  need  considerably  more  thought.  These 
issues  include  the  inital  volume  and  distribution 
of  porosity  through  the  solid,  effects  of  grain 
size,  and  explicit  treatment  of  the  binder.  In  ad¬ 
dition,  the  temperature  calculated  in  the  hot 
bands  of  material  is  clearly  well  above  the 
melting  temperature  of  HMX.  This  phase 
change  has  not  explicitly  been  incorporated,  nor 
the  possible  consequences  on  reaction  kinetics 
addressed.  These  concepts  can,  however,  be  ac¬ 
commodated  in  the  present  thermomechanical 
structure. 

Finally,  this  study  has  shown  that  shear-band 
formation  is  a  feasible  mechanism  for  granular 
explosive  initiation.  It  represents  a  satisfactory 
means  for  energy  dissipation  at  all  shock 
amplitudes,  and  results  in  temperatures  that 
are  within  observed  bounds.  The  length  scale 
associated  with  the  calculated  shear  band 
widths  is  also  within  realistic  bounds.  The  pro¬ 
vision  for  explicit  and  distinct  temperatures  and 
phases  within  the  explosive  continues  to  be 
viewed  as  an  important  model  attribute. 
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DISCUSSION 

B.  MOROSIN,  Sandia  National  Laboratories 

How  can  1500°K  shear  band  temperatures  be 
reasonable  for  weakly  bonded,  intermolecular 
forces  in  explosives?  Would  shearing  of 
graphite-like  materials  be  very  different?  Are 
there  experimental  values  to  indicate  the 
1500°K  temperatures? 

REPLY  BY  M.E.  KIPP 

The  temperature  rise  in  the  shear  bands  that 
form  during  shock  compression  results  from  the 
dissipation  of  the  shock  energy  in  the  volume 
of  the  shear  bands.  These  calculated  tempera¬ 
tures  are  2-300  °K  higher  than  what  was  ob¬ 
served  by  W.  von  Holle  (Reference  8  in  tre 
paper)  for  this  explosive  (PBX-9404).  As  noted 
in  the  paper,  I  assumed  that  all  of  the  energy 
was  dissipated  in  the  shear  bands,  but  that 
other  dissipative  mechanisms  are  likely  at  work, 
including  pore  collapse.  This  additional  volume 
of  material  available  for  dissipation  of  energy 
will  tend  to  lower  the  temperature  of  the  hot 
regions. 
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THE  THREE-DIMENSIONAL  HYDRODYNAMIC  HOT-SPOT  MODEL 

Charles  L.  Mader  and  James  D.  Kershner 
Los  Alamos  National  Laboratory 
Los  Alamos,  New  Mexico 


The  interaction  of  a  shock  wave  with  a  single  air  hole  and  a  matrix 
of  air  holes  in  PETN,  HMX,  and  TATB  has  been  numerically  mod¬ 
eled.  The  hot-spot  formation,  interaction,  and  the  resulting  build  up 
toward  detonation  were  computed  using  three-dimensional  numerical 
Eulerian  hydrodynamics  with  Arrhenius  chemical  reaction  and  ac¬ 
curate  equations  of  state  according  to  the  hydrodynamic  hot-spot 
model.  The  basic  differences  between  shock  sensitive  explosives 
(PETN,  HMX)  and  shock  insensitive  explosives  (TATB,  NQ)  may 
be  described  using  the  hydrodynanu  hot-spot  model.  The  reactive 
hydrodynamics  of  desensitization  of  heterogeneous  explosives  by  a 
weak  preshock  has  been  numerically  modeled.  The  preshock  desen¬ 
sitizes  the  heterogeneous  explosive  by  closing  the  airholes  and  mak¬ 
ing  it  more  homogeneous.  A  higher  pressure  second  shock  has  a  lower 
temperature  in  the  multiple  shocked  explosive  than  in  single  shocked 
explosive.  The  multiple  shock  temperature  ma\  be  low  enough  to 
c-nse  a  detonation  wave  to  fail  to  propagate  through  the  preshocked 
explosive. 


INTRODUCTION 

A  shocked  homogeneous  explosive  such  as 
nitromethane  first  completely  decomposes  at 
the  piston-explosive  interface  and  achieves  a 
detonation  with  a  peak  pressure  that  builds  up 
toward  the  C-J  pressure  of  the  high-density 
shocked  nitromethane.  The  detonation  wave 
overtakes  the  shock  wave,  and  the  pressure  at 
the  end  of  the  reaction  zone  decays  toward  the 
piston  pressure.  (  1 ) 

If  one  introduces  gas  bubbles  or  grit  into  a 
homogeneous  explosive  such  as  a  liquid  or  a 
single  crystal,  thereby  producing  a  heterogen¬ 
eous  explosive,  the  minimum  shock  pressure 
necessary  to  initiate  propagating  detonation 
can  be  decreased  by  one  order  of  magnitude. 

Heterogeneous  explosives,  such  as  PBX-940-1 
or  PBX-9502,  show  a  different  behavior  than 
homogeneous  explosives  show  when  propagat¬ 
ing  along  confining  surfaces.  A  heterogeneous 
explosive  car  turn  sharp  corners  and  propagate 


outward,  and  depending  upon  its  sensitivity,  it 
may  show  either  very  little  or  much  curvature 
v.'hen  propagating  along  a  metal  surface.  The 
mechanism  of  initiation  for  heterogeneous  ex¬ 
plosives  is  different  from  the  simple  Arrhenius 
kinetic  model  found  adequate  for  homogeneous 
explosives.  (1)  Heterogeneous  explosives  are  in¬ 
itiated  and  may  propagate  by  the  process  of 
shock  interaction  with  density  discontinuities 
such  as  voids.  These  interactions  result  in  hot 
regions  that  decompose  and  produce  increasing 
pressures  that  cause  more  and  hotter  decompos¬ 
ing  regions.  The  shock  wave  increases  in 
strength,  releasing  more  and  more  energy,  un¬ 
til  it  becomes  strong  enough  that  all  of  the  ex¬ 
plosive  reacts  and  detonation  begins. 

This  process  is  described  by  the  "hydrodynamic 
hot-spot"  model,  which  models  the  hot-spot 
formation  from  the  shock  interactions  that  occur 
at  density  discontinuities  and  describes  the  de¬ 
composition  using  the  Arrhenius  rate  law  and  the 
temperature  from  the  HOM  equation  of  state.  (1) 
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The  numerical  modeling  of  the  interaction  of  a 
shock  wave  with  a  single  density  discontinuity 
was  reported  in  Ref.  (1),  where  an  8.5-GPa  shock 
interacting  with  a  single  spherical  hole  in 
nitromethane  was  studied.  The  study  was  extend¬ 
ed  to  four  rectangular  holes.  (1)  It  was  determined 
that  0.0032-mm-radius  cylindrical  voids  would 
build  toward  detonation  and  0.001-mm-radius 
voids  would  form  hot  spots  that  failed  to  prop¬ 
agate  because  of  rarefactions  cooling  the  reactive 
wave. 

The  process  of  shock  initiation  of 
heterogeneous  explosives  has  been  investigated 
(2)  numerically  by  studying  the  interaction  of 
shock  waves  with  a  cube  of  nitromethane  contain¬ 
ing  91  holes.  An  8.5-GPa  shock  interacting  with 
a  single  0.002-mm  hole  did  not  build  toward 
detonation.  When  the  shock  wave  interacted  with 
a  matrix  of  0.002-mm  holes,  it  became  strong 
enough  to  build  toward  detonation.  Reducing  the 
size  of  the  holes  to  0.0004  mm  resulted  in  a  suffi¬ 
cient  amount  of  the  explosive  decomposing  to 
compensate  for  the  loss  in  energy  to  the  flow 
caused  by  the  interaction  of  the  shock  wave  with 
the  holes.  The  shock  wave  slowly  grew  stronger, 
but  it  did  not  build  lo  detonation  in  the  time  of 
the  calculation. 

A  5.5*0  Pa  shock  wave  interacting  with  a 
matrix  of  0.002-mm  holes  resulted  in  insufficient 
heating  of  the  resulting  hot  spots  to  cause  signifi¬ 
cant  decomposition. 

The  process  of  desensitization  by  preshocking 
was  found  to  be  a  result  of  the  holes  being  clos¬ 
ed  by  the  low-pressure  initial  shock  wave  without 
resulting  in  appreciable  explosive  decomposition. 
The  higher  pressure  shock  that  arrived  later  did 
not  have  holes  with  which  to  interact  and  be¬ 
haved  like  a  shock  wave  in  a  homogeneous  ex¬ 
plosive  until  it  caught  up  with  the  lower  pressure 
preshock  wave. 

The  basic  processes  in  the  shock  initiation  of 
heterogeneous  explosives  have  been  numerically 
modeled  in  three  dimensions.  The  interaction  of 
a  shock  wave  with  density  discontinuities,  the 
resulting  hot-spot  formation,  interaction,  and  the 
build  up  toward  detonation  or  failure  have  been 
modeled.  In  this  paper  the  hydrodynamic  hot¬ 
spot  model  is  used  to  investigate  other  explosives 
and  other  kinetics  to  study  the  basic  differences 
between  shock  sensitive  and  shock  insensitive 
explosives. 


It  has  been  observed  that  preshocking  a 
heterogeneous  explosive  with  a  shock  pressure 
too  low  to  cause  propagating  detonation  in  the 
time  of  interest  can  cause  a  propagating  detona¬ 
tion  in  unshocked  explosive  to  fail  to  continue 
propagating  when  the  detonation  front  arrives  at 
the  previously  shocked  explosive.  The  resulting 
explosive  desensitization  was  modeled  using  a 
Forest  Fire  decomposition  rate  that  was  deter¬ 
mined  only  by  the  initial  shock  pressure  of  the 
first  shock  wave  passing  through  the  explosive.® 
This  model  could  reproduce  the  experimentally 
observed  explosive  desensitization  of  TATB 
(triaminotrinitrobenzene)  explosives  previously 
shocked  by  short  duration  25  and  50-kilobar 
pulses.  It  could  not  reproduce  the  observed 
results  for  low  or  high  preshock  pressures  that 
fail  to  quench  a  propagating  detonation. 

To  determine  the  mechanism  of  the  explosive 
desensitization  by  preshocking,  we  used  a  three- 
dimensional  reactive  hydrodynamic  model  of  the 
process.  With  the  mechanism  determined,  it  was 
possible  to  modify  the  decomposition  rate  to  in¬ 
clude  both  the  desensitization  and  failure  to 
desensitize  effects. 

NUMERICAL  MODELING  OF  SHOCK 
SENSITIVITY 

The  three-dimensional  Eulerian  reactive 
hydrodynamic  code  3DE  is  described  in  Ref.  (4). 
It  uses  techniques  identical  to  those  described  in 
detail  in  Ref.  (1)  and  used  successfully  for  describ¬ 
ing  two-dimensional  Eulerian  flow  with  mixed 
cells  and  multicomponent  equations  of  state  and 
for  modeling  reactive  flow.  It  has  been  used  to 
study  the  interaction  of  multiple  detonation 
waves,  (5)  the  basic  process  in  shock  initiation  of 
heterogeneous  explosives,  (2,  6)  and  the  reactive 
hydrodynamics  of  a  matrix  of  tungsten  particles 
in  HMX.(7) 

The  Arrhenius  reactive  rate  law  was  used  with 
the  contents  determined  experimentally  by  Ray¬ 
mond  N.  Rogers  and  described  in  Ref.  (1).  The 
constants  used  are  given  in  Table  1. 


TABLE  1 

Arrhenius  Constants 


Activation  Energy  Frequency  Factor 
Explosive  (kcal/mole)  !ps  ') 

Nitroguanidine 

20.9 

28.4 

TATB 

59.9 

3.18X  10u 

HMX 

52.7 

5.0X10U 

PETN 

47.0 

6.3X10U 
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The  HOM  equation-of-state  constants  used  foi 
PETN  are  described  in  Ref.  (1).  The  BKW  detona¬ 
tion  product  and  the  solid  equation-of-state  con¬ 
stants  used  in  the  HOM  equation  of  state  are 
given  in  Ref.  (6). 

A  constant  velocity  piston  was  applied  to  the 
bottom  of  the  explosive  cube,  shocking  the  ex¬ 
plosive  initially  to  the  desired  pressure.  When  the 
shock  wave  interacts  with  a  hole,  a  hot  spot  with 
temperatures  several  hundred  degrees  hotter 
than  the  surrounding  explosive  is  formed  in  the 
region  above  the  hole  when  it  is  collapsed  by  the 
shock  wave.  The  hot  region  decomposes  and  con¬ 
tributes  energy  to  the  shock  wave,  which  has  been 
degraded  by  the  hole  interaction. 

Whether  this  energy  is  sufficient  to  compen¬ 
sate  for  the  loss  from  the  hole  interaction 
depends  upon  the  magnitude  of  the  initial  shock 
wave,  the  hole  size,  and  the  interaction  with  the 
flow  from  nearest  neighbor  hot  spots.  The  ob¬ 
jective  of  the  study  was  to  investigate  the 
nature  of  this  complicated  interaction  and  to 
determine  if  the  hydrodynamic  hot-spot  model 
was  adequate  to  describe  the  experimentally 
observed  sensitivity  to  shock  initiation  of  the 
heterogeneous  explosives  PETN,  HMX,  TATB, 
and  Nitroguanidine  with  PETN  being  the  most 
sensitive  and  Nitroguanidine  the  least  sensitive. 

For  example,  to  initiate  PBX-9404  (HMX-based 
explosive)  or  PBX-9502  (TATB-based  explosive) 
at  maximum  pressed  density  within  4  mm  of 
shock  run  requires  a  shock  wave  in  PBX-9404 
of  5  GPa  and  in  PBX-9502  of  16  GPa  as  deter¬ 
mined  from  the  experimental  Pop  plots.  (8) 

To  initiate  PETN  at  1.75  g/cm3  (crystal  den¬ 
sity  is  1.778)  within  4  mm  of  shock  run  requires 
a  pressure  of  only  2  GPa,  while  to  initiate  Nitro¬ 
guanidine  at  1.723  g/cm3  (crystal  density  is 
1.774)  within  4  mm  of  shock  run  requires  a 
pressure  of  25  GPa  (8). 

The  hole  size  present  in  such  pressed  ex¬ 
plosives  varies  from  holes  of  20  to  <300  A  in  the 
TATB  crystals  to  holes  as  large  as  0.5  mm  in 
the  explosive-binder  matrix.  Most  of  the  holes 
vary  in  size  from  0.05  to  0.005  mm  in  diameter 
so  we  examined  holes  in  that  range  of  diameters. 

As  shown  in  Ref.  (1),  the  hot  spot  formed 
when  a  shoe.*  wave  interacts  with  a  spherical 
hole  scales  with  the  radius  of  the  hole  as  long 
as  no  chemical  reaction  occurs.  Using  hot-spot 
temperatures  in  the  calculated  range  of  700  to 


1300  K  and  calculating  the  adiabatic  explosion 
times,  one  observes  the  ordering  according  to 
sensitivity  (time  to  explosion)  shown  in  Table 
2.  The  ordering  is  identical  to  that  observed 
experimentally. 


TABLE  2 

Adiabatic  Explosion  Times 


Explosive 

Hot-Spot  Temperature 

700  K 

1000  K 

1300  K 

Nitroguanidine 

5504  ps 

124  ps 

18.47  ps 

TATB 

1290  ps 

6X10~3  ps 

1X10"5  ps 

HMX 

5.26  ps 

1X10“4  ps 

5X10-7  ps 

PETN 

0.08  ps 

7X10~6  ps 

5X10'8  ps 

The  interaction  of  shock  waves  of  various 
pressures  with  single  cubical  air  holes  of  various 
sizes  in  PETN,  HMX,  TATB,  and  NQ  was  in¬ 
vestigated.  The  calculations  model  the  hot-spot 
explosion  and  failure  to  propagate  because  of 
rarefactions  cooling  the  reactive  wave.  If  the 
reaction  becomes  too  fast  to  numerically  resolve 
the  cooling  by  rarefactions,  the  flow  builds 
toward  a  detonation  too  quickly. 

A  summary  of  the  results  of  the  study  is 
shown  in  Table  3.  The  ordering  of  shock  sensi¬ 
tivity  of  the  explosives  is  again  observed  experi¬ 
mentally  correlating  well  with  the  observed  Pop 
plot  data.  (8) 

To  evaluate  the  sensitivity  to  shock  more 
realistically,  we  studied  the  interaction  of  a 
5-GPa  shock  wave  in  HMX  with  a  matrix  of 
spherical  holes  of  4  X  10  3-mm  diameter.  The 
computational  grid  contained  24  X  22  by  36 
cells,  each  1  X  10  3  mm  on  a  side.  The  36  air 
holes  were  described  by  4  cells  per  sphere 
diameter.  Numerical  tests  with  2  to  6  cells  per 
sphere  diameter  showed  the  results  were  in¬ 
dependent  of  grid  size  for  more  than  3  cells  per 
sphere  diameter.  The  air  holes  were  located  on 
a  hexagonal  close-packed  lattice  (HOP).  The 
closest  distance  for  the  HCP  matrix  between 
holes  was  3.8  X  10  3  mm.  The  time  step  was 
1.0  X  10  Sps.  The  void  fraction  is  10%.  While 
a  single  hole  fails  to  build  toward  a  detonation 
as  shown  in  Fig.  1 ,  the  matrix  of  holes  builds 
toward  a  detonation  as  shown  in  Fig.  2.  The  ex¬ 
perimental  run  to  detonation  for  a  5-GPa  shock 
wave  in  1.71  g/cm3  HMX  is  0.17  cm.  While  a 
propagating  detonation  would  not  be  expected 
to  occur  experimentally  in  this  geometry  (the 
computed  detonation  is  the  result  of  insufficient 
numerical  resolution  to  resolve  the  reaction  at 
high  pressures  and  temperature),  the  enhance¬ 
ment  of  the  shock  wave  would  occur. 
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TABLE  3 

Single  Cubical  Air-Hole  Study 


Explosive 

Air  Cube  Size  Pressure 
(mm)  (GPa) 

Result 

HMX 

5X10-3 

2.5 

Fails  to  build  toward  a  detonation 

5X10"3 

5.0 

Fails  to  build  toward  a  detonation 

5X10-3 

7.5 

Builds  toward  a  detonation 

5X10-? 

2.5 

Fails  to  build  toward  a  detonation 

5X10~2 

5.0 

Marginal 

5X10-2 

7.5 

Builds  toward  a  detonation 

TATB 

5X10"3 

5.0 

Fails 

5X10-3 

12.5 

Fails 

5X10"3 

15.0 

Builds  toward  a  detonation 

5X10"2 

7.5 

Fails 

PETN 

5X10-3 

2.5 

Builds  toward  a  detonation 

5X10-3 

7.5 

Builds  toward  a  detonation 

Nitroguanidine 

5X10-2 

23.0 

Fails 

5.0 

25.0 

Builds  toward  a  detonation 

The  interaction  of  a  12.5*GPa  shock  wave  in 
TATB  with  a  single  spherical  hole  of  4  X 
10  '-mm  diameter  is  shown  in  Fig.  3.  It  fails  to 
build  toward  a  detonation.  The  interaction  of  a 
12.5  GPa  shock  wave  in  TATB  with  a  matrix 
of  spherical  holes  of  4  X  10'3-rnm  diameter 
with  a  void  fraction  of  10%  is  shown  in  Fig.  4. 
The  flow  builds  toward  a  detonation.  The  ex¬ 
perimental  run  to  detonation  for  a  12.5-GPa 
shock  wave  in  1.71  g/cm3  TATB  is  0.30  cm. 
The  computed  detonation  occurs  too  quickly 
because  of  insufficient  numerical  resolution 
when  the  shock  wave  is  enhanced  to  high 
enough  pressures  and  temperatures  by  the  in¬ 
teracting  hot  spots. 

The  interaction  of  a  2.0-GPa  shock  wave  in 
PETN  with  a  single  sphorical  hole  of  4  X 
10  3-mm  diameter  was  calculated.  Build  up 
toward  a  detonation  did  not  occur.  The  interac¬ 
tion  of  a  2.0-GPa  shock  wave  in  PETN  with  a 
matrix  of  spherical  holes  of  4  X  10  3-mm 
diameter  with  a  void  fraction  of  10%  was 
calculated.  The  flow  builds  toward  a  detonation 
after  the  hot  spots  interact, 

The  experimental  run  toward  detonation 
values  are  about  the  same  for  a  12.5-GPa  shock 
wave  interacting  with  TATB  with  10%  voids, 
for  a  5.0-GPa  shock  wave  interacting  with 
HMX  with  10%  voids,  and  for  a  2.0  GPa  shock 
wave  interacting  with  PETN  with  10%  voids. 


The  hydrodynamic  hot-spot  model  describes 
the  basic  difference  between  shock  sensitive  and 
shock  insensitive  explosives.  The  interaction  of 
a  shock  wave  with  air  holes  in  PETN,  HMX, 
TATB,  and  NQ,  the  resulting  hot-spot  forma¬ 
tion,  interaction,  and  the  build  up  toward 
detonation  or  failure  have  been  modeled.  In¬ 
creased  hole  size  results  in  larger  hot  spots  that 
decompose  more  of  the  explosive  and  add  their 
energy  to  the  shock  wave  and  result  in  increased 
sensitivity  of  the  explosive  to  shock.  Increased 
number  of  holes  also  causes  more  hot  spots  that 
decompose  more  explosive  and  increase  the  sen¬ 
sitivity  of  the  explosive  to  shock.  The  interac¬ 
tion  between  hole  size  and  number  of  holes  is 
complicated  and  requires  numerical  modeling 
for  adequate  evaluation  of  specific  cases.  The 
hole  size  can  become  sufficiently  small  (the 
critical  hole  size)  that  the  hot  spot  is  cooled  by 
side  rarefactions  before  appreciable  decomposi¬ 
tion  can  occur.  Since  increasing  the  number  of 
holes  while  holding  the  percentage  of  voids  pres¬ 
ent  constant  results  in  smaller  holes,  we  have 
competing  processes  that  may  result  in  either 
a  more  or  less  shock  sensitive  explosive.  If  the 
hole  size  is  below  the  critical  hole  size,  then  the 
explosive  will  become  less  sensitive  with  in¬ 
creasing  number  of  holes  of  decreasing 
diameter. 

To  evaluate  the  potential  shock  sensitivity  of 
an  explosive  for  engineering  purposes,  one  needs 
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to  determine  experimentally  the  Arrhenius  con¬ 
stants.  One  then  calculates  the  adiabatic  explo¬ 
sion  times  for  several  assumed  hot-spot 
temperatures  to  determine  the  relative  sensitivi¬ 
ty  of  the  explosive  compared  with  explosives  of 
known  sensitivity.  A  more  detailed  evaluation 
can  be  obtained  from  calculations  using  the 
hydrodynamic  hot-spot  model. 

STUDIES  OF  DESENSITIZATION  BY 
PRESHOCKING 

Dick  (9)  performed  a  PHERMEX 
radiographic  study  of  detonation  waves  in 
PBX-9502  (95/5  Triaminotrinitrobenzene/Kel-F 
binder  at  1.894  g/cm3)  proceeding  up  a  6.5-  by 
15.0-cm  block  of  explosive  that  was  preshocked  by 
a  0.635-cm  steel  plate  moving  at  0.08  (Shot 
1698)  or  0.046  cm/ps  (Shot  1914).  The  static  and 
dynamic  radiograph  for  Shot  1698  are  shown  in 
Fig.  5.  The  preshocked  PBX-9502  explosive 
quenches  the  detonation  wave  as  it  propagates 
into  the  block  of  explosive. 

To  investigate  the  mechanism  of  explosive 
desensitization  by  preshocking,  we  again  used 
the  reactive  hydrodynamic  code,  3DE.(4) 

A  constant  velocity  piston  was  applied  to  the 
bottom  of  TATB  explosive  cube  shocking  the 
explosive  to  the  desired  pressure.  When  a  higher 
pressure  second  shock  was  to  be  introduced,  the 
piston  velocity  was  increased  and  other  piston 
state  values  changed  as  appropriate  for  a  multi¬ 
ple  shock  of  the  required  pressure. 

A  single  shock  pressure  of  290  kbars  in  TATB 
has  a  density  of  2.8388  g/cm',  particle  velocity 
of  0  21798  cm/ps,  energy  of  0.02376  rnb  cc/g, 
and  temperature  of  1396°K.  A  second  shock 
pressure  of  290  kbars  in  TATB  initially  shocked 
to  40  kbars  has  a  density  of  2,878  g/cm1, 
energy  of  0.017759  mb-cc/g,  particle  velocity  of 
0.2040  cm/ps,  and  temperature  of  804.2  °K. 

When  a  shock  wave  interacts  with  a  hole,  a 
hot  spot  with  temperatures  hotter  than  the  sur¬ 
rounding  explosive  is  formed  in  the  region 
above  the  hole  after  it  is  collapsed  by  the  shock 
wave.  The  hot  region  decomposes  and  con¬ 
tributes  energy  to  the  shock  wave,  which  has 
been  degraded  by  the  hole  interaction. 

Whether  this  energy  is  sufficient  to  compen¬ 
sate  for  the  loss  from  the  hole  interaction 
depends  upon  the  magnitude  of  the  initial  shock 
wave,  the  hole  size,  and  the  interaction  with  the 


flow  from  nearest  neighbor  hot  spots. 

The  interaction  of  a  40-kbar  shock  with  a 
single  0.004-cm-diameter  air  hole  in  TATB  was 
modeled.  After  0.025  ps,  the  40-kbar  shock  had 
collapsed  the  hole  and  a  290-kbar  shock  wave 
was  introduced  which  passed  through  the 
40-kbar  preshocked  region  and  overtook  the 
40-kbar  shock  wave. 

The  shock  temperature  in  the  bulk  of  the 
TATB  and  the  adiabatic  explosion  times  are 
given  below: 

First  Shock  (kbar)  40  290  40 

Second  Shock  (kbar)  290 

Temperature  (°K)  362.5  1396  804.2 

Explosion  Time  (ps)  1019  10-c  3.85 

The  density  and  burn  faction  surface  contours 
are  shown  in  Figs.  6  and  7  and  the  cross  sec¬ 
tions  through  the  center  of  the  hole  are  shown 
in  Fig.  8. 

The  40-kbar  shock  wave  collapsed  the  hole 
and  formed  a  small  weak  hot  spot  which  was  not 
hot  enough  to  result  in  appreciable  decomposi¬ 
tion  of  the  TATB. 

The  290-kbar  shock  wave  temperature  was 
not  hot  enough  to  cause  explosion  during  the 
time  studied  in  the  bulk  of  the  explosive 
previously  shocked  to  40  kbars;  however,  the 
additional  heat  present  in  the  hot  spot  formed 
by  the  40-kbar  shock  wave  after  it  interacted 
with  the  hole  was  sufficient  to  decompose  some 
of  the  explosive  after  it  was  shocked  by  the 
290-kbar  wave. 

Propagating  detonation  occurred  immediate¬ 
ly  after  the  290-kbar  shock  wave  caught  up  with 
the  40-Kbar  preshock. 

To  investigate  the  effect  of  the  interaction  of 
a  matrix  of  holes  with  a  multiple  shock  profile, 
a  matrix  of  10%  air  holes  located  on  a  hexagonal 
close  packed  lattice  in  TATB  was  modeled.  The 
spherical  air  holes  had  a  diameter  of  0.004  cm. 
The  initial  configuration  is  shown  in  Fig.  9.  The 
tlimKlimensional  computational  grid  contained  16 
by  22  by  36  cells  each  0.001  cm  on  a  side.  The 
time  step  was  0.0002  ps.  Figure  10  shows  the 
density  and  mass  fraction  cross  sections  for  a 
•lO-kbar  shock  wave  followed  after  0.045  ps  by 
a  290-kbar  shock  wave  interacting  with  a  matrix 
of  10%  air  holes  of  0.004-cm-diameter  in  TATB. 

The  preshock  desensitized  the  explosive  by 
closing  the  voids  and  made  it  more  homogeneous. 
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The  higher  pressure  second  shock  wave  proceed¬ 
ed  through  the  preshocked  explosive  until  it 
caught  up  with  the  preshock. 

The  three-dimensional  modeling  study 
demonstrated  that  the  desensitization  occurs 
by  the  preshock  interacting  with  the  holes  and 
eliminating  the  density  discontinuities.  The  sub¬ 
sequent  higher  pressure  shock  waves  interact 
with  a  more  homogeneous  explosive.  The  multi¬ 
ple  shock  temperature  is  lower  than  the  single 
shock  temperature  at  the  same  pressure,  which 
is  the  cause  of  the  observed  failure  of  a  detona¬ 
tion  wave  to  propagate  in  preshocked  ex¬ 
plosives  for  some  ranges  of  preshock  pressure. 

The  modification  indicated  by  the  three- 
dimensional  study  to  the  Forest  Fire  decomposi¬ 
tion  rate  being  limited  by  the  initial  shock 
pressure  was  to  add  the  Arrhenius  rate  law  to 
the  Forest  Fire  rate. 

The  Forest  Fire  rate  for  TATB  is  shown  in 
Fig.  1 1  along  with  the  Arrhenius  rate  calculated 
using  the  temperatures  from  the  HOM  equation 
of  state  for  the  partially  burned  TATB 
associated  with  the  pressure  as  determined  by 
F  .,rest  Fire.  We  will  proceed  using  a  burn  rate 
determined  by  Forest  Fire  limited  to  the  initial 
shock  pressure  and  the  Arrhenius  rate  using 
local  partially  burned  explosive  temperatures. 

The  experimental  geometries  studied  using 
PHERMEX  shown  in  Fig.  5  were  numerically 
modeled  using  a  reactive  hydrodynamic  com¬ 
puter  code,  2DL,  that  solves  the  Navier-Stokes 
equation  by  the  finite  difference  techniques 
described  in  Ref.  (1).  The  users  manual  for  the 
2DL  code  is  described  in  Ref.  (10).  For  ex¬ 
plosives  that  have  been  previously  shocked, 
Craig  (3)  experimentally  observed  that  the  dis¬ 
tance  of  run  to  detonation  for  several  multiple 
shocked  explosives  was  determined  primarily 
by  the  distance  after  a  second  shock  had  over¬ 
taken  the  lower  pressure  shock  wave  (the  pre¬ 
shock).  To  approximate  this  experimental  obser¬ 
vation,  we  programmed  the  calculation  to  use 
Forest  Fire  rates  determined  by  the  first  shock 
wave  or  the  rates  determined  by  any  subse¬ 
quent  release  waves  that  result  m  lower  pres¬ 
sures  and  lower  decomposition  rates.  As  sug¬ 
gested  by  the  three-dimensional  study,  we  add¬ 
ed  the  Arrhenius  rate  using  the  local  partially 
burned  explosive  temperatures.  The  HOM 
equation  of  state  and  Forest  Fire  constants 


used  to  describe  PBX-9502  (X0290)  are  given 
in  Ref.  (1). 

The  calculated  pressure  and  mass  fraction 
contours  for  PHERMEX  shot  1698  are  shown 
in  Fig.  12  along  with  the  radiographic 
interfaces. 

The  2DL  calculation  had  50  by  33  cells  to 
describe  the  PBX-9502  and  50  by  5  cells  to 
describe  the  steel  plate.  The  mesh  size  was  0.2 
cm  and  the  time  step  was  0.04  pis. 

The  PHERMEX  shot  was  numerically  mod¬ 
eled  using  various  velocity  steel  plates.  The 
results  are  shown  in  Table  4.  The  results  agree 
with  the  experimental  evidence  that  detonation 
wave  failure  occurs  in  preshocked  TATB  shocked 
by  steel  plates  with  velocities  of  0.046  and  0.08 
cmlpis. 

TABLE  4 

9502  De sensitization  Calculations 


Steel  Plate 
Velocity 
(cm/ps) 

Preshock 

Pressure 

(kbar) 

Result  Upon  Arrival  of 
Detonation  Wave 

0.020 

9 

Detonates  preshocked  HE 

0.030 

14 

Fails  in  preshocked  HE 

0.045 

23 

Fails  in  preshocked  HE 

0.080 

50 

Fails  in  preshocked  HE 

0.100 

70 

Fails  in  preshocked  HE 

0.120 

90 

Detonates  preshocked  HE 
and  after  1.5  cm  run 

0.160 

130 

Detonates  preshocked  HE 

0.200 

180 

Detonates  preshocked  HE 

The  desensitization  of  heterogeneous  ex¬ 
plosive  by  preshocking  may  be  attributed  to  the 
preshock  closing  the  voids,  thus  making  the  ex¬ 
plosive  more  homogeneous.  The  failure  of  a 
detonation  wave  to  propagate  in  the  preshocked 
explosive  may  be  attributed  to  the  lower  tem¬ 
perature  that  occurs  in  the  multiple  shocked  ex¬ 
plosive  than  the  singly  shocked  explosive. 

A  rate  law  that  combines  the  Forest  Fire  rate 
limited  to  the  rate  determined  by  the  initial 
shock  pressure  and  the  Arrhenius  rate  law  per¬ 
mits  a  description  of  multiple  shocked  explosive 
behavior  for  many  engineering  purposes. 
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Fig.  1.  A  4  X  10  -i-mm  diameter  spherical  air 
hole  in  HMX.  The  initial  shock  pressure  is  5.0 
GPa  (The  density  and  burn  fraction  cross  sec¬ 
tions  through  the  center  of  the  hole  are  shown 
at  various  times.  It  does  not  build  toward 
detonation.) 
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Fig.  2.  A  Matrix  of  10%  air  holes  in  HMX.  The 
spherical  air  holes  have  a  diameter  of  4  X  10'3 
mm.  The  initial  shock  pressure  is  5.0  GPa  (The 
density  and  mass  fraction  contours  are  shown 
for  a  cross  section  through  the  center  of  the 
matrix.  The  flow  builds  toward  a  propagating 
detonation.) 
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Fig.  3.  A  4  X  10~3-mm  diameter  spherical  hole  in 
TATB.  The  initial  pressure  is  12.5  GPa  (The  den¬ 
sity  and  bum  fraction  cross  sections  through  the 
center  of  the  hole  are  shown  at  various  times.  The 
flow  does  not  build  toward  a  detonation.) 


Fig.  4.  A  matrix  of  10%  air  holes  in  TATB.  The 
spherical  air  holes  have  a  diameter  of  4  X  10~3 
mm  (The  initial  shock  pressure  is  125  GPa.  The 
density  and  mass  fraction  contours  are  shown  for 
a  cross  section  through  the  center  of  the  matrix. 
The  flow  builds  towards  a  detonation.) 


Fig  5.  Static  and  dynamic  radiograph  W98  of  PBX-9502  shocked  by  a  0.635-cm-thick  steel  plate  going 
0.08  crnJps  and  initiated  by  254  cm  of  TNT  and  a  P-40  lens 
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Fig.  6.  The  density  surface  contours  for  a  40-kbar 
shock  interacting  with  a  single  0.004-cm-diameter 
air  hole  in  TATB  followed  after  0.025  /us  by  a 
290-kbar  shock  wave 
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Fig.  8.  The  density  and  bum  fraction  cross  sec¬ 
tions  through  the  center  of  the  hole  for  the  system 
shown  in  Fig.  6 
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Fig.  9.  The  initial  configuration  of  a  matrix  of  10% 
air  holes  in  TATB 


Fig  7  The  bum  fraction  contours  for  the  system 
shown  in  Fig  6 
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Fig.  10.  The  density  and  mass  fractions  cross  sec¬ 
tions  are  shown  for  a  40-kbar  shock  wave  followed 
after  0.045  pis  by  a  290-kbar  shock  wave  interact¬ 
ing  with  a  matrix  of  10%  air  holes  of  0.004-cm- 
diameter  in  TATB 


Fig.  11.  The  bum  rate  as  a  function  of  pressure 
for  the  Forest  Fire  bum  model  and  the  Arrhenius 
rate  law  using  the  HOM  temperatures  associated 
with  the  Forest  Fire  pressures 


Fig.  12.  The  pressure  and  mass  fraction  contours 
for  a  detonation  wave  in  PBX-9502  interacting 
with  explosive  that  had  been  previously  shocked 
to  50  kbars  ( The  PHERMEX  radiograph  inter¬ 
faces  are  shown  by  stars.  The  mass  fraction  con¬ 
tour  interval  is  0.1  and  shown  as  a  thick  almost 
solid  line.  The  pressure  contour  interval  is  40  kbars 


DISCUSSION 

PER-ANDERS  PERSSON,  CETR/NM 
TECH 

One  has  to  admire  the  amount  of  patience 
shown  by  the  programmer,  and  the  amount  of 
computer  time  that  goes  into  producing  this  very 
illustrative  film  show. 

One  question:  what  are  the  boundary  condi¬ 
tions  on  the  faces  of  the  box  that  contains  the 
material/void  lattice  in  these  calculations? 

REPLY  BY  CHARLES  MADER 

The  boundary  conditions  are  continuum 
boundaries. 
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MODELING  HETEROGENEOUS  HIGH  EXPLOSIVE 
BURN  WITH  AN  EXPLICIT  HOT-SPOT  PROCESS 


P.K.  Tang,  J.N.  Johnson,  and  C.A.  Forest 
Los  Alamos  National  Laboratory 
Los  Alamos,  New  Mexico 


We  present  a  method  of  treating  high  explosive  bum  with  a  multi- 
step  process  which  includes  the  hot-spot  excitation,  decomposition, 
and  the  propagation  of  reaction  into  the  region  outside  the  hot  spots. 
The  basic  features  of  this  model  are  the  separation  of  the  thermal- 
mechanical  and  chemical  processes,  and  the  partition  of  the  explosive 
into  hot  spots  and  the  region  exclusive  of  the  hot  spots.  The  thermal- 
mechanical  aspects  are  formulated  in  a  way  similar  to  the  chemical 
process.  The  combined  processes  lead  to  a  set  of  rate  equations  for 
the  mass  fractions  of  reactants,  intermediate  states,  and  final  pro¬ 
ducts.  The  rates  are  expressed  initially  in  terms  of  general  character¬ 
istic  times,  but  with  specific  phenomenological  correlations  intro¬ 
duced  in  the  final  model  Computational  examples  are  given  of 
simulated  flyer  plate  impacts,  short-shock  initiation,  comer  turning, 
and  shock  desensitization. 


INTRODUCTION 

The  rapid  burning  of  high  explosives  (HE)  in¬ 
volves  many  complex  thermal-mechanical  and 
chemical  processes.  Here  the  term  burn  refers 
to  the  chemical  energy  release  process  associ¬ 
ated  with  shock  initiation;  also,  the  thermal- 
mechanical  process  includes  both  hydrodynam 
ics  and  transport.  In  the  classical  model  of 
steady  detonation,  transport  processes  a.  e  not 
considered  in  detail  since  the  shock  thickness 
is  quite  small  compared  to  any  typical  dimen¬ 
sion;  second,  the  chemical  reaction  rate  is  quite 
high  and  thus  the  reaction  zone  is  thin,  and  the 
entire  process  is  hydrodynamically  controlled. 
Use  of  the  Rankine-Hugoniot  relations  and  the 
Chapman-Jouguet  condition  leads  to  a  well- 
defined  detonation  velocity  (1).  This  model  ig¬ 
nores  the  chemical  and  transport  aspects  and 
thus  simplifies  the  problem  significantly.  A 
large  class  of  explosives  follows  this  simplifica¬ 
tion  with  a  constant  detonation  velocity  under 
various  conditions,  provided  the  size  of  the  ex¬ 
plosive  region  is  much  greater  than  some  char¬ 
acteristic  dimension.  The  classical  burn  model, 
based  on  ideal  steady  detonation  and  known  as 
programmed  burn,  has  been  used  successfully 


in  many  engineering  design  applications. 

With  the  advent  of  insensitive  high  explosives 
(I HE),  the  chemical  reaction  can  no  longer  be 
assumed  very  fast  compared  to  the  hydrody¬ 
namic  process,  especially  for  initiation;  in  fact, 
the  chemical  process  could  be  so  sensitive  to 
local  instantaneous  conditions  that  it  may  not 
start  or  reach  completion  within  the  time  of  in¬ 
terest,  at  least  for  a  large  portion  of  the  HE.  The 
above  condition  is  called  detonation  failure.  For 
the  scenarios  of  shock-to-detonation  transition, 
HE  encountering  a  weak  shock  will  undergo  chem¬ 
ical  reaction  at  some  distance  behind  the  shock 
front  and  the  effect  of  reaction  will  propagate 
through  the  additional  distance  to  reach  the 
front,  intensifiying  and  speeding  it  up  until  a 
final  steady  detonation  is  established.  The  total 
distance  traversed  by  the  shock  to  the  point  of 
detonation  is  known  as  the  run.  Obviously  a 
weak  initial  shock  requires  a  long  run.  The  finite 
distance  needed  for  the  transition  is  nothing  but 
an  indication  of  the  finite  reaction  rate  involved. 
The  unique  experimental  relationship  between 
the  initial  shock  pressure  and  the  run  distance 
is  presented  in  the  form  of  a  Pop  plot.  This  rela¬ 
tionship  is  usually  linear  on  a  log-log  scale  (2) 
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and  is  used  in  the  determination  of  the  Forest- 
Fire  reaction  rate  (3). 

While  many  recognize  that  models  of  HE  bum 
should  be  based  on  first  principles,  there  are 
numerous  difficulties  with  this  approach.  Even 
though  the  chemical  composition  of  the  HE  is 
usually  known  for  the  major  constituents,  the 
chemical  processes  tH***-  lead  to  the  final  products 
are  poorly  undersu  id  many  intermediate 
species  and  some  fii  al  products  have  not  yet 
been  identified.  All  of  these  make  the  description 
of  the  processes  according  to  the  principles  of 
chemical  kinetics  almost  impossible.  The  second 
difficulty  in  describing  HE  bum  is  that  most 
solid  HE’s  are  not  homogeneous;  voids  and 
cracks  are  present  and  distinct  boundaries  ex¬ 
ist  between  various  constituents.  Physical 
heterogeneity  requires  mass  and  energy  balance 
calculations  among  all  components  and  phases 
if  we  are  to  describe  the  complete  scenarios 
following  the  principles  of  continuum  mechanics 
and  chemical  thermodynamics.  The  condition  of 
extreme  pressure  during  the  bum  adds  more 
uncertainty  in  the  determination  of  transport 
and  thermal  properties.  In  coupling  with  the 
detailed  chemistry,  the  task  of  establishing  a 
complete  thermal-mechanical  and  chemical  model 
appears  impractical  if  not  impossible.  The 
motivation  for  the  development  of  a  new  model 
is  to  avoid  detailed  calculations,  but  to  include 
some  essential  physical  concepts  that  a  first- 
principles  approach  would  contain.  We  consider 
this  a  compromise,  but  believe  it  offers  many 
advantages  and  features  frequently  needed  in 
computational  models.  The  separation  of 
thermal-mechanical  and  chemical  processes, 
plus  the  partition  of  the  HE  into  hot  spots  and 
the  region  other  than  hot  spots  are  the  main 
features  of  this  model.  The  special  attention 
paid  to  the  treatment  in  the  hot-spot  region 
lends  the  name  to  the  model,  explicit  hot-spot 
process.  Details  of  the  model  have  been 
presented  elsewhere,  along  with  a  review  of 
other  HE  burn  models  (4). 

We  begin  our  technical  discussion  with  a 
review  of  some  fundamental  concepts  related  to 
combustion.  This  is  not  to  suggest  that  shock 
initiation  is  physically  the  same  as  laminar  com¬ 
bustion,  but  only  that  the  two  phenomena  share 
similar  general  features,  as  we  shall  see.  Follow¬ 
ing  Zeldovich  and  Frank-Kamenetski  thermal  the¬ 
ory  of  p re-mixed  laminar  flame  (5),  the  burning 


can  be  roughly  divided  into  two  phases:  heat¬ 
up  and  chemical  reaction.  The  heat-up  phase  in¬ 
volves  the  energy  transfer  from  the  already- 
burned  hot  region  to  the  unbumed  cold  region, 
bringing  the  cold  region  to  the  ignition  condi¬ 
tion.  Only  when  the  unbumed  region  has 
reached  high  enough  temperature  will  the  chem¬ 
ical  reaction  take  place  at  a  sufficient  rate  and 
liberate  energy.  This  concept  leads  to  simplifica¬ 
tion  of  many  combustion  problems  according  to 
the  dominance  of  either  the  transport-controlled 
(heat-up)  or  the  chemical-controlled  (reaction) 
process.  To  illustrate  the  relative  importance  of 
the  two  processes,  we  define  the  condition  of  a 
combustible  material  as  a  mixture  of  three  dis¬ 
tinct  states;  cold  C,  hot  H,  and  burned  B;  each 
mass  point  contains  some  or  all  of  the  states. 
The  processes  of  transformation  from  one  state 
to  the  other  are: 

C  H  heat-up  ,  (1) 

H  -*■  B  chemical  reaction  .  (2) 

Following  the  chemical  kinetics  principle  (6), 
with  t  being  the  time,  the  rates  of  the  transfor¬ 
mations  can  be  written  as: 


dH  =  C,  „  H 

dt  Tr 


where  C  and  H  represent  the  mass  fractions  of 
the  material  in  cold  and  hot  conditions  and  B 
is  the  burned  portion  with: 

C  +  H  +  B  =  1  .  (6) 

Here  and  rr  are  the  heat-up  and  chemical 
reaction  characteristic  times.  The  rate  expres¬ 
sion  of  Eq.  (3)  is  based  on  the  assumption  that 
the  energy  transfer  process  is  a  volume  rather 
than  a  surface  effect.  The  chemical  reaction 
given  in  Eq.  (4)  represents  a  first-order  process; 
with  constant  tj,  and  rr,  the  integration  of  Eqs. 
(3)  through  (5)  with  initial  condition  C=l,  and 
H  =  B=0  yields 

B  =  1  +  [Bl  exp(~  — )  -  exp(-  B )] 

L  rr  Th  Tr  J 

/(I  -  Bl)  .  (7) 

Tr 

If  the  heat-up  process  is  much  slower  than  the 
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chemical  process,  namely,  Th»rr,  then  we  have 
the  following  extreme 

B  =  1  -  exp(—  -i  ) .  (8} 

The  other  limiting  case  occurs  when  the 
chemical  process  is  much  slower  than  the  heat¬ 
up  process,  Tr»rj1,  and 

B  =  1  —  exp(—  — ) .  (9) 

Tr 

Equations  (8)  and  (9)  each  represents  a  single¬ 
rate  controlled  process,  either  thermal- 
mechanical  or  chemical.  The  single-step  process 
is  certainly  simpler  than  the  two-step  case,  and 
it  is  to  our  advantage  to  recognize  when  we  have 
the  former.  When  both  characteristic  times  are 
comparable,  the  more  general  representation  is 
the  only  acceptable  one.  In  the  following  sec¬ 
tion,  hot-spot  formation,  decomposition,  energy 
transfer,  etc.,  are  considered  from  a  general  view¬ 
point,  and  then  the  relevant  characteristic  times 
are  compared  in  order  to  reduce  the  entire 
system  to  a  simpler,  two-rate  controlled  process. 

THE  GENERAL  MODEL 

The  heterogeneous  nature  of  high  explosives 
is  widely  recognized,  as  we  have  already  dis¬ 
cussed.  The  concepts  of  hot  spots  and  the  mech¬ 
anisms  leading  to  heterogeneous  reaction  are 
adiabatic  gas  compression  (7),  rapid  shear  (8), 
visco-plastic  flow  (9),  void  collapse  (10),  friction 
(11),  and  others.  It  is  reasonable  to  anticipate 
that  hot  spots  behave  quite  differently  from  the 
rest  of  the  explosive,  as  far  as  responding  to  the 
shock  action  is  concerned.  Although  adiabatic 
compression  (pressure  work)  is  a  means  of  in¬ 
creasing  the  internal  energy  in  general,  dissipa¬ 
tion  associated  with  the  irreversible  stresses 
from  the  shock  process  is  quite  significant  in  the 
highly  localized  regions  of  heterogeneous 
material.  The  internal  energy  is  increased  even 
more  and  thus  the  temperature  is  much  higher 
than  the  surroundings.  The  local  high  temper¬ 
ature  starts  the  chemical  process  sooner  than 
in  the  surrounding  near-reversibly  compressed 
portion.  Accordingly,  we  divide  the  explosive  in¬ 
to  two  major  regions:  the  hot  spots  and  the 
balance  of  explosive.  Since  we  do  not  intend  to 
include  the  details  of  the  hot-spot  formation 
here,  we  define  the  hot  spots  only  in  a  very 
general  way:  there  are  sites  within  the  HE  that 
are  potentially  susceptible  to  mechanical  stim¬ 


ulation  (shock)  and  become  energetic.  These 
chemically  unstable  sites  then  proceed  to  de¬ 
compose  at  a  rate  determined  by  a  higher  local 
temperature;  we  say  that  the  hot  spots  have 
reached  the  ignition  condition.  Here  the  shock 
process  is  equivalent  to  the  heat-up  phase  dis¬ 
cussed  earlier  in  relation  to  the  pre-mixed  flame. 
The  balance  of  explosive  responds  to  the  shock 
in  quite  a  different  way.  There  are  possibly  some 
initial  physical  and/or  chemical  changes  but  no 
substantial  exothermic  chemical  reaction.  On¬ 
ly  after  a  certain  amount  of  hot-spot  reaction 
can  additional  reaction  propagate  into  the  bal¬ 
ance  of  the  explosive.  In  summary,  we  propose 
the  following  major  steps  in  shock-induced 
chemical  reaction  of  heterogeneous  explosives: 

1 .  hot-spot  creation,  formation  of  ignition 
state 

Ri  Ij ,  (10) 

2 .  hot-spot  decomposition,  consumption  of 
ignition  state 

I,  ”*■  Pi  .  (ID 

3 .  heating  of  the  balance  of  explosive  by  the 
hot-spot  burned  product,  creation  of  the 
ignition  state  for  that  region 

R2  +  Pj  -  I2  +  P*  ,  (12) 

4 .  decompostion  of  the  balance  of  explosive 

I2  -  P2  ■  (13) 

The  symbols  R,  I,  and  P  represent  reactants, 
intermediates,  and  products;  subscripts  1  and 
2  are  hot  spots  and  balance  of  explosives,  re¬ 
spectively.  Here  P*  represents  P,  at  a  cooler 
condition  following  energy  transfer  from  the  hot 
spots  to  the  balance  of  explosive.  The  first  two 
steps  involve  the  hot  spots  only,  but  the  last 
two  control  the  burn  in  the  balance  of  the  ex¬ 
plosive  as  a  result  of  the  hot-spot  burn.  We  call 
this  phase  the  bum  propagation.  The  burn  prop¬ 
agation  plays  an  extremely  important  role, 
namely,  the  overall  burning  is  determined  by 
the  ability  of  the  hot  spots  to  transfer  energy 
to  the  balance  of  the  explosive.  It  is  further 
assumed  that  the  hot-spot  burn  must  exceed  a 
certain  threshold  value  to  start  the  reaction  in 
the  balance  of  explosive.  This  leads  to  ignition 
delay  in  the  burning  of  the  explosive  as  a  whole. 
Therefore,  the  critical  pathway  leading  to  the 
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complete  burning  of  the  HE  is  the  propagation, 
step  3,  without  which  burning  will  be  confined 
to  the  hot  spots.  Since  the  hot-spot  region  is 
usually  quite  small,  the  HE  as  a  whole  can  be 
considered  unburned  if  there  is  no  propagation 
at  all  or  if  it  takes  too  long.  The  failure  of  burn 
propagation  is  basically  the  failure  of  transition 
from  shock  to  detonation. 


Let  us  define  Rj,  Ilf  and  Pj  to  be  the  actual 
mass  fractions  of  reactants,  intermediates,  and 
products  in  hot  spots  divided  by  p,  the  fraction 
of  material  capable  of  being  excited  by  the 
shock.  We  call  these  quantities  normalized  mass 
fractions  and  adopt  similar  definitions  for  R2, 
I2,  and  P2  with  (1— /4  replacing  iu  in  the  nor¬ 
malizing  process  for  the  balance  of  explosive. 
Using  the  conventional  formulation  in  chemical 
kinetics  (6),  we  obtain  the  time  rates  of  change 
for  the  processes  (10)  through  (13): 


A .  the  consumption  rate  of  the  unactivated 
hot  spots  due  to  the  shock  action: 


dRj 

dt 


R, 


TS 


(14) 


B .  the  creation  and  consumption  of  the  ig¬ 
nition  state  of  hot  spots: 


d.,  _  It,  _  I, 


(15) 


dt  Ts  Tc 

C.  the  creation  of  the  hot-spot  burned 
product: 


dIJ 

dt 


(16) 


D .  the  rate  of  consumption  of  the  balance  of 
explosive  due  to  heating  from  the  already 
burned  hot  spots: 


dR, 


~7~  =  < 

dt  T,n 


«■>  .  P|"f0 

l“fn 


),  (17) 


E .  the  creation  and  consumption  of  the  ig¬ 
nition  state  of  the  balance  of  explosive: 

-*“f®  )-!=:.  us) 

]~f0  Tc 

the  creation  of  the  final  product  of  the 
balance  of  explosive: 


K 


dl2  R2 

-- -  =  u  —t 

dt  T„, 


dP2  =  I, 
dt  t 


(19) 


At  any  instant,  the  total  unburned  and  burned 
fractions  are 

R  -  pR,  f  (1~m)R2  ,  (20) 


P  =  #iP,  f  <l-y)P2  .  (21) 


The  mass  fraction  of  hot  spots  fu  is  quite  likely 
related  to  the  microstructural  properties  such 
as  the  grain  specific  area  and  some 
characteristic  thickness  in  the  hot-spot  region. 
The  threshold  f0  is  the  normalized  mass  frac¬ 
tion  of  hot-spot  reaction  that  must  be  reached 
before  the  burn  can  propagate  into  the  balance 
of  explosive.  Equations  (17)  and  (18)  also  con¬ 
tain  the  multiplication  factor  fu:  this  represents 
a  condition  that  a  vanishingly  small  mass  frac¬ 
tion  of  hot  spots  would  be  incapable  of  induc¬ 
ing  large  scale  reaction  in  the  balance  of  ex¬ 
plosive.  We  assume  constant  p  and  f0.  For  the 
normalized  mass  fractions, 

Rj  +  Ij  +  P,  =  1  ,  (22) 

R2  +  I2  +  P2  =  1  .  (23) 

In  equations  (14)  and  (15),  rs  represents  the 
characteristic  time  for  hot-spot  excitation  due 
to  first-shock  effect.  If  hot-spot  temperature  is 
chosen  as  the  parameter  representing  the  ex¬ 
cited  state,  then  Tt  is  the  characteristic  time  of 
the  process  leading  to  that  temperature.  It  is 
quite  likely  a  function  of  the  shock  strength  and 
the  material  properties.  The  decomposition  pro¬ 
cess  in  the  ignition  state  is  characterized  by  Tc 
and  is  usually  a  function  of  the  local  tempera¬ 
ture.  The  characteristic  time  Tm  controls  the 
transport  process  for  the  energy  transfer  from 
the  burned  product  of  the  hot  spots  to  the  cold 
balance  of  explosive.  The  mechanism  of  the 
energy  transfer  is  possibly  a  turbulent  mixing 
process  at  higher  pressure  range  and  simple 
heat  conduction  when  the  burning  is  less  in¬ 
tense.  It  could  be  a  function  of  pressure  and 
temperature.  The  phenomenological  correla¬ 
tions  of  these  characteristic  times  will  be 
described  later. 

Finally,  is  the  characteristic  time  for 
decomposition  in  the  balance  of  explosive  once 
the  energy  transfer  from  the  hot  spots  has 
taken  place. 

Equation  (17)  deserves  some  additional  ex¬ 
planation.  Due  to  the  normalized  nature  of  the 
quantities  Rj,  R2.  Ij,  I2,  Pj.  and  P2,  the  presence 
of  p  is  required  to  give  the  absolute  influence  of 
the  hot-spot  mass  fraction;  ( 1 — f0)  is  another  nor¬ 
malizing  factor  so  that  when  the  hot  spots  have 
burned  completely  (P,  =  l).  the  threshold  effect 
vanishes  and  only  the  energy  transfer  mechanism 
through  Tm  controls  the  rate. 


55 


THE  SPECIFIC  MODEL 

We  now  use  some  physical  arguments  to  sim¬ 
plify  the  above  formulation.  First,  in  the  hot-spot 
region,  we  can  expect  the  shock  (thermal-me¬ 
chanical)  process  to  be  much  faster  than  the 
decomposition,  (tc»ts),  and  this  should  lead  to 
an  instantaneous  change  of  Rj  from  one  to  zero. 
Mathematically,  Eqs.  (14),  (15),  and  (16)  are 
replaced  by  a  single  rate  equation: 

^l-ld-Pj),  (24) 

dt  tc 

and  from  Eq.  (22): 

P,  +  h  =  1  •  (25) 

In  the  balance  of  explosive,  the  energy 
transfer  (thermal-mechanical)  process  is  ex¬ 
pected  to  be  much  slower  than  the  decomposi¬ 
tion  process  that  follows;  i.e.,  Tm»Tc  ,  so  we 
can  make  additional  simplification  that  I2  =  0, 
and  from  Eq.  (23): 


+  R2  =  1 


The  consequence  is  again  a  single  rate-controlled 
process: 

^~  =  —  U-P2)(  j—  )  ■  (27) 

dt  Tm  l-f0 

The  overall  burned  product  rate  equation  is 
a  summation  of  Eq3.  (24)  and  (27)  with  the  use 
of  Eq.  (21): 

^  =  JL  (l-P  ) 
dt  tc  1 

+  JU  [<l-P)-p(1-P  )j(  bib.  )  .  (28) 

Tm  l"f0 

Equation  (28)  contains  an  unknown  Pt  which  is 
evaluated  separately  using  Eq.  .24).  As  we  can 
see  in  Eqs.  (24)  and  (28),  if  rc  is  much  less  than 
Tm,  (i.e.,  the  reaction  in  the  hot  spots  is  much 
faster  than  the  rest  of  the  explosive,  a  condition 
that  may  be  eached  at  high  pressures),  Pj  will 
reach  ui.Ity  much  sooner  than  P;  this  will  even¬ 
tually  lead  to  a  single  equation  for  the  total 
burned  mass  fraction: 

~  =  y  (1~P).  (29) 

dt  t„. 


This  specific  case  is  representative  of  reaction- 
rate  models  such  as  Forest  Fire  (3)  in  which 
p/rm  is  specified  as  a  function  of  pressure.  The 
specific  model  desciibed  in  the  remainder  of  this 
paper  is  not  of  this  form,  but  rather  the  explicit 
two-step  process  represented  by  Eqs.  (24)  and 
(28). 

The  relationship  between  thi  two  character¬ 
istic  times,  tc  and  rm,  and  thermal-mechanical 
and  chemical  properties  of  the  explosive  are 
presented  in  detail  elsewhere  (4),  of  which  we 
give  here  only  a  summary. 

The  passage  of  the  initial  shock  wave  of 
pressure  amplitude  ps  produces  an  average  hot¬ 
spot  temperature  6g  given  by 

0S=  0o[l-m^ln(££)r\  (30) 

a  Po 

where  m,  90  and  p0  are  constant  and  a  is  the 
Arrhenius  activation  temperature.  For  hot-spot 
temperature  6S  there  is  an  induction  time  for 
thermal  explosion  which  we  identify  with  the 
characteristic  time  rc: 

T'  =  ^ospls’-  1311 

In  Equation  (31),  fi  is  the  temperature  coeffi¬ 
cient  due  to  chemical  reaction  and  Z  is  the  fre¬ 
quency  factor  for  Arrhenius  reaction.  The  quan¬ 
tity  that  is  experimentally  determined  is  the 
average  delay  for  a  given  shock  pressure.  The 
justification  for  identification  of  Tc  in  Eq.  (24) 
with  the  induction  time  for  thermal  explosion 
is  given  in  detail  in  ref.  (4).  Equations  (30)  and 
(31)  are  then  used  to  obtain  the  average  hot-spot 
temperature  for  assumed  values  of  a,  [i  and  Z. 
The  latter  quantities  are  sometimes  well-known 
from  independent  measurement,  but  are  occa¬ 
sionally  in  doubt  because  of  extreme  ther¬ 
modynamic  conditions  reached  within  the  hot 
spots.  Therefore,  in  this  work  as  well  as  the 
earlier  one  (4),  the  hot-spot  temperature  means 
simply  that  particular  temperature  which  gives 
the  experimentally  determined  delay  time  for  a 
given  set  of  Arrhenius  parameters.  After  the 
shock  process,  any  further  change  of  6S  will  be 
caused  by  isentropic  compression  or  expansion 
(4): 

^  =  err  dP  ,  (32) 

dt  s  dt 
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with  T  being  the  Griineisen  coefficient  and  x  the 
isentropic  compressibility,  both  assumed  con¬ 
stant.  Here  dp/dt  is  the  time  rate  of  change  of 
pressure.  Heat  loss  due  to  thermal  conduction 
and  radiation  are  assumed  to  be  negligible  for 
the  application  presented  here. 

As  the  hot  spots  burn,  energy  is  transferred 
to  the  balance  of  explosive.  The  second  phase 
of  the  burn,  burn  propagation,  starts  as  soon 
as  sufficient  energy  is  received  by  the  unbumed 
explosive.  We  now  discuss  the  correlation  of  Tm 
with  the  thermodynamic  state. 

As  we  have  mentioned  earlier,  Tm  represents 
the  process  of  energy  transfer.  When  the  pres- 
ure  is  low,  we  expect  the  mechanism  to  be  simple 
heat  conduction,  but  at  much  higher  pressure 
levels,  convection  and  local  mixing  could  be  a 
major  factor  for  the  rapid  increase  of  the  effec¬ 
tiveness  of  energy  transfer.  The  parameter  Tm 
in  fact  plays  the  role  of  both  film  coefficient  and 
temperature  difference  between  the  hot  and  cold 
regions.  Accordingly,  we  propose  Lhe  following 
expression: 

Tm  -  [G0p  +  C,(p>]  1  .  (33) 

The  linear  term  in  p  represents  the  weaker 
energy  transfer  mechanism,  most  likely  thermal 
conduction,  and  G  is  a  highly  nonlinear  function 
of  the  current  pressure  p;  we  speculate  the  ef¬ 
fect  is  aue  to  the  more  efficient  energy  transfer 
mechanism  such  as  turbulence.  For  high  pres¬ 
sures,  G  provides  the  dominant  contribution;  in 
fact,  we  can  identify  that  term  to  the  pressure 
dependence  in  the  Forest-Fire  rate  (3),  when  we 
compare  the  Forest-Fire  model  with  Eq.  (39). 
The  determination  of  G  is  therefore  carried  out 
through  a  procedure  similar  to  the  Forest  Fire 
model  using  Pop  plot  information;  G0  is  ob¬ 
tained  from  the  embedded  gauge  data  and  the 
Pop  plot  in  the  low  pressure  range.  Using  the 
original  Forest-Fire  rate  function  form  (3), 

n 

G(p)  =  exp  (  aj}1)  .  (34) 

Since  the  current  formulation  has  an  explicit 
multiplier  \x  in  the  propagation  term  of  Eq.  (28), 
values  of  G0  and  a0  differ  from  the  original  for¬ 
mulations  (3,4). 

The  explicit  hot-spot  model  of  shock  initiation 
represented  by  Eqs.  (24),  (28)  and  (30)  through 
(32)  also  includes  the  physical  effect  of  shock 
desensitization  ( 1 2):  A  shock  wave  of  insufficient 


amplitude  to  cause  prompt  initiation  itself  has 
the  effect  of  desensitizing  the  explosive  to  addi¬ 
tional  compression.  That  this  effect  is  indeed  in¬ 
cluded  in  the  model  given  here  can  be  seen  by 
starting  with  Eq.  (30).  Consider  a  first  shock  of 
pressure  ps  that  creates  an  average  hot-spot 
temperature  0S.  If  0S  is  small  enough,  the 
characteristic  time  tc  due  to  the  first  shock  is 
too  long.  Additional  heating  due  to  subsequent 
shocks  takes  place  according  to  the  adiabatic 
relationship.  Eq.  (32),  which  is  much  less  efficient 
than  Eq.  (30)  for  producing  high  hot-spot 
temperatures.  The  physical  explanation  for  this 
is  that  hot-spot  creation  is  a  highly  irreversible 
and  dissipative  process,  and  can  happen  only 
once  when  the  first  shock  arrives.  Subsequent 
shocks  can  do  only  reversible  mechanical  work 
on  relatively  cool  hot  spots  that  have  already 
been  formed. 


Fig.  1.  Effect  of  the  first  shock  on  the  delay 
time  followed  by  a  second  5-GPa  shock 

Figure  1  gives  a  quantitative  description  of 
this  phenomenon  for  PBX-9404  (94%  HMX/3% 
NC/3%  CEF)  with  various  values  of  fx  in  Eq. 
(32).  The  discussions  are  general  and  apply  to  ex¬ 
plosives  other  than  PBX-9404.  Figure  1  gives 
the  average  induction  time  for  hot-spot  reaction 
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for  a  5-GPa  second  shock  preceeded  by  a  first 
shock  of  amplitude  ps.  For  a  single  5-GPa  shock, 
the  induction  time  is  ~0.2  /us;  point  A  on  the 
solid  line  given  by  Eqs.  (30)  and  (31)  with  ps=5 
GPa.  If  the  5-GPa  shock  is  preceeded  by  a  1-GPa 
shock,  the  induction  time  for  the  first  shock  (1 
GPa)  is~ll  /is,  point  B.  If  f x:=0,  there  is  no  ad¬ 
ditional  heating  due  to  the  second  shock  and  the 
induction  time  remains  at  ~11  /is.  If  f")C=0.01 
GPa'1,  the  induction  time  is  reduced  to  4  /is, 
point  C;  this  is  still  quito  long  compared  to  r'-l0.2 
/is  for  a  single  5-GPa  shock.  As  the  compressibili¬ 
ty  is  increased,  the  delay  time  behind  the  second 
shock  gets  closer  to  that  for  a  single  shock 
(points  D  and  E  in  comparison  with  A).  The 
dashed  lines  in  Fig.  1  are  the  delay  times  behind 
a  5-GPa  shock  that  follows  a  first  shock  of  ampli¬ 
tude  ps.  These  delay  times  increase  significantly 
as  ps  is  decreased  until  a  threshold  shock 
pressure  is  reached  (below  which  hot  spots  can¬ 
not  be  created  by  the  first  shock).  Below  this 
threshold  (not  shown)  the  second  shock  travels 
into  essentially  virgin  material  and  the  delay 
time  decreases  rapidly  to  a  value  near  that  for 
a  single  shock  (i.e.,  point  A  for  a  single  5-GPa 
shock). 

COMPUTATIONAL  RESULTS 

Calibration  of  the  explicit  hot-spot  model 
presented  here  is  described  in  detail  in  (4)  for  sus¬ 
tained  impact  in  PBX-9404.  Computations  were 
performed  numerically  by  the  method  of 
characteristics  tracking  a  single  discontinous 
shock  front.  A  thick  lucalox  impactor  produced  an 
initial  particle  velocity  of  0.055  cin/ps  ir>  the 
PliX-9404  sample,  experiment  547  (13).  Com¬ 
parison  of  the  theoretical  calculation  with 
measured  particle  velocities  at  0.5  mm,  2.5  mm. 
and  4.5  mm  is  shown  in  Fig.  2.  The  same  model 
was  used  with  identical  rate  parameters  to  com¬ 
pare  with  measured  particle  velocities  for  a 
finite-duration  pulse.  In  experiment  532  (13),  a 
0.28-cm  thick  lucalox  projectile  produces  a 
0.5 1  -/us  pulse  with  initial  particle  velocity  of 
0.053  c.ti/is  in  PBX-9404.  Comparison  of  theory 
and  experiment  is  shown  in  Fig.  3  for  particle 
velocity  gauges  located  at  0.2  min,  1.2  mm,  and 
3.2  mm.  The  good  agreement  shown  in  Fig.  3 
is  very  encouraging  because  calibration  was  per¬ 
formed  for  a  sustained  shock,  Fig.  2.  This  result 
arivp«  wmp  confidence  that  the  explicit  hot-spot 
model  represents  reasonable  departures  from 


Fig.  2.  Sustained  impact  results,  experiment 
and  calculation 


Fig.  3.  Finite-duration  pulse  results,  experiment 
and  calculation 

calibration  situations.  As  obvious  a  requirement 
as  this  may  be  for  shock  initiation  models,  it  has 
not  always  been  demonstrated. 

We  have  also  included  the  explicit  hot-spot 
model  in  the  two-dimensional,  hydrodynamic 
finite-element  code  DYNA2D  (14).  As  one  check 
of  the  explicit  hot-spot  model  and  the  code,  a 
number  of  distance-to-detonation  calculations 
were  performed  and  compared  with  the  charac¬ 
teristic  theory  and  the  experimental  data,  the 
results  are  shown  in  Fig.  4.  In  addition  to  these 
comparisons,  DYNA2D  showed  favorable  com¬ 
parison  with  the  data  and  characteristic  calcula¬ 
tion  given  in  Fig.  2. 

In  the  remainder  of  the  work  described  here, 
the  DYNA2D  code  with  the  explicit  hot-spot 
burn  model  was  used  to  investigate  two-dimen¬ 
sional  effects  of  corner  turning  and  shock  desen¬ 
sitization  in  PBX-9502  (95%  TATB/5%  Kel-F). 
The  model  parameters  for  PBX-9502  were  esti¬ 
mated  from  the  Pop  plot  given  in  (15)  and  em¬ 
bedded  gauge  measurements  for  porous  TATB 
(16),  which  give  an  approximate  value  of  Tcr'-’l 
ps  for  a  shock  pressure  of  ^8  GPa.  The 
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Fig.  4.  Pop  plot  for  PBX-9404,  experiment,  1-D 
and  2-D  calculations 

Arrhenius  constants  for  TATB  are  fiven  in  (17). 

For  the  case  of  corner  turning  when  the  ex¬ 
plosive  changes  size  abruptly,  we  use  a  2-cm 
long  PBX-9404  booster  to  start  the  burn  in 
PBX-9502.  The  explicit  hot-spot  burn  model  is 
used  for  PBX-9502  but  programmed  burn  is  im¬ 
posed  on  PBX-9404.  The  problem  configuration 
is  given  in  Fig.  5  with  the  explosives  bound  by 
Plexiglas.  With  a  radius  of  1.3  cm  in  the  first  seg¬ 
ment  (4-cm  long)  and  6-cm  radius  in  the  second 
segment  (3-cm  long),  the  nurned  mass  fraction 
contours  are  shown  in  Fig.  6  at  14  ps.  A  partial¬ 
ly  burned  region  is  seen  near  the  region  where 
the  explosive  increases  suddenly  in  size.  The 
reason  for  this  behavior  is  the  rapid  lowering  of 
shock  pressure  when  the  detonation  wave  tries 
to  expand  suddenly,  resulting  in  partial  burn  or 
even  complete  extinction,  at  least  in  some  local 
region.  However,  the  main  burn  front  is  still 
strong  enough  to  maintain  the  burn  so  that  an 
expanding  detonation  wave  can  be  formed  even¬ 
tually,  except  the  portion  in  the  vicinity  of  the 
corner. 


PLEXIGLAS 

C/3 

< 

CD 

/PBX-9404 

X 

LU 

_J 

^  PBX-9502 

CL 

Fig  5  Configuration  fur  corner  turning 
simulation 


Fig.6.  Burned  mass  fraction  contours  for  a 
detonation  wave  turning  a  comer  in  PBX-9502 

The  final  example  is  a  study  of  shock  desen¬ 
sitization,  using  the  configuration  of  Fig.  5  but 
replacing  the  material  bounded  on  the  side  with 
aluminum.  A  weak  shock  will  travel  through 
that  medium  and  reach  part  of  the  explosive 
block  sooner  than  the  main  detonation  front 
because  of  the  higher  shock  velocity  for 
aluminum.  Since  the  intensity  of  the  shock  is 
weak,  the  initial  hot-spot  temperature  associated 
with  the  shock  remains  low  and  the  ignition 
delay  is  very  long.  Even  with  subsequent  com¬ 
pression  of  high  intensity,  the  ignition  delay  is 
not  reduced  enough  to  cause  significant  burn  in 
the  hot-spot  region  as  discussed  earlier.  The  ef¬ 
fect  of  the  preshock  on  the  burned  mass  fraction 
(P)  at  14  ps  is  shown  in  Fig.  7;  a  well-defined 
unreacted  region  is  seen  between  the  aluminum 
and  PBX-9502.  Figure  8  shows  the  density  con¬ 
tours  exhibiting  the  sharp  contrast  of  the  den¬ 
sity  between  the  burned  and  unburned  regions. 
A  flash  radiograph  of  shot  no.  1746  (18)  for 
PBX-9502  turning  a  90-  deg  aluminum  corner  is 
reproduced  in  Fig.  9.  Although  the  experiment 
was  performed  with  a  somewhat  different 
geometry,  the  essential  features  are  reproduced 
v  v  the  explicit  hot-spot  model. 

CONCLUSION 

We  have  presented  a  new  HE  burn  model  and 
demonstrated  some  of  the  experimentally  ob¬ 
served  features  of  the  model  in  one  and  two 
dimensions.  The  results  are  quite  encouraging 
and  we  shall  continue  the  effort;  in  particular, 
we  shall  investigate  further  how  those  empirical 
parameters  relate  to  the  thermodynamic  state 


Fig.  7.  Burned  mass  fraction  contours  for  — 
BX-9502  with  shock  desensitization 


Fig.  8  Density  contours  showing  the  effect  of 
shock  desensitization 


Fig.  9.  Flash  radiography 


and  material  properties  such  as  initial  tem¬ 
perature  and  grain  size.  The  energy  transfer  con¬ 
cept  of  this  model  prompts  us  to  believe  that 
those  parameters  0O,  f0,  G0,  and  afs  must  be 
related  to  the  initial  temperature.  The  hot-spot 
mass  fraction,  p,  must  be  linked  to  the  grain  size 
through  the  surface  area  and  inter-granular  in- 
homogeneity;  a  smaller  grain  size  would  result 
in  a  larger  hot-spot  mass  fraction.  Therefore  it 
is  possible  that  finer  grain  size  may  lead  to 
shorter  run  distances  as  some  experiments  in¬ 
dicate  (12).  However,  the  grain  size  may  also 
have  some  effect  on  the  initial  reference  hot-spot 
temperature.  As  the  grains  become  smaller,  the 
material  approaches  a  more  homogeneous  state 
which  reduces  the  dissipation  coming  from  the 
irreversible  stress  components.  The  net  effect  is 
a  lower  reference  hot-spot  temperature  60  which 
would  decrease  the  hot-spot  burn  rate,  resulting 
in  longer  run  distance.  Experimental  evidence 
also  supports  this  trend  at  low  shock  pressures 
(19).  At  the  present  time,  the  data  needed  for  the 
model  are  limited  and  in  some  cases,  preliminary. 
More  experimental  work  is  required  to  support 
the  model  improvement  and  actual  application. 
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DISCUSSION 

M.  SUMMERFIELD,  Princeton  Combustion 
Research  Laboratory 

This  is  a  comment.  It  applies  not  simply  to 
this  paper  but  to  several  preceding  papers  as 
well. 

When  an  author  shows  a  graphical  result  that 
exhibits  excellent  agreement  between  his 
theoretical  prediction  and  experimental  data,  it 
would  be  instructive  to  all  of  us  if  he  would  tell 
us  at  the  same  time  the  hypothetical  relations 
or  mechanisms  that  he  had  to  insert  in  the 
theory  to  make  the  agreement  so  good  and, 
above  all,  how  many  adjustable  parameters  he 
tried  on  the  computer  before  the  theoretical 
curve  and  the  experimental  data  came  into 
agreement. 

REPLY  BY  P.K.  TANG 

The  calibration  procedure  to  obtain  the  input 
parameters  is  described  in  the  paper  and  in  the 
cited  references.  Some  of  them  are  related  to  the 
thermal-chemical  properties  of  the  explosive.  The 
Forest  Fire  coefficients  are  determined  in  a 
relatively  straightforward  manner.  Only  the 
reference  hot-spot  temperature  and  the  threshold 
require  a  few  iterations  to  match  the  gauge  data. 

DISCUSSION 

J.C.  CUMMINGS,  Sandia  National  Laboratory, 
Albuquerque 

Why  do  your  calculated  values  on  the  Pop  plot 
appear  to  oscillate  around  a  straight  line  fit? 

REPLY  BY  P.K.  TANG 

The  finite-difference  code  used  does  not  have 
a  good  way  to  calculate  the  shock  condition.  The 
oscillatory  behavior  of  the  calculated  points  is 
the  result  of  the  numerical  approximation  using 
artificial  viscosity. 
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HOT  SPOT  PRODUCTION  BY  MOVING  DISLOCATIONS  IN  A 
RAPIDLY  DEFORMING  CRYSTALLINE  EXPLOSIVE 


C.S.  Coffey 

Naval  Surface  Weapons  Center 
White  Oak 

Silver  Spring,  Maryland  20910 


The  need  to  postulate  the  existence  of  localized  hot  spots  to  account 
for  the  ignition  of  explosives  by  impact  or  shock  has  long  been 
recognized.  In  the  past,  attempts  to  understand  hot  spot  formation 
during  dynamic  loading  have  used  the  classical  continuum  theory 
of  deformation  of  a  solid,  and  often  relied  on  the  presence  of  voids 
or  pores  to  achieve  energy  localization.  This  continuum  approach 
often  fails  to  adequately  treat  the  situation  in  which  there  are  no  voids 
or  pores,  nor  can  it  adequately  handle  such  things  as  particle  size 
effects.  Further,  it  ignores  the  large  body  of  experimental  evidence 
with  shocks  and  impacts  in  inert  solids  which  show  the  presence  of 
an  extensive  microstructure  in  the  form  of  shear  bands  and  fracture 
sites.  Here  is  outlined  the  progress  to  date  of  an  attempt  to  provide 
a  fundamental  microscopic  understanding  of  the  energy  localization 
proccess  that  occurs  during  shock  or  impact  loading  of  crystalline 
solids.  This  approach  invokes  the  fundamental  mechanism  of  plastic 
deformation  in  a  crystalline  solid,  the  multiplication  and  motion  of 
dislocations,  and  establishes  energy  localization  and  dislocation  den¬ 
sity  distribution  due  to  deformation  by  arbitrary  shock  or  impact 
loading.  Direct  excitation  of  internal  molecular  vibrational  modes  is 
shown  to  occur  for  rapid,  shock  driven,  deformation  and  this  may 
have  an  important  role  in  the  detonation  process. 


INTRODUCTION 

The  need  to  postulate  the  existence  of  hot 
spots  to  account  for  the  initiation  of  explosives 
during  compressive  wave  or  shock  loading  has 
been  long  and  widely  recognized.  (1,2)  There 
have  been  a  number  of  attempts  to  describe  the 
processes  responsible  for  the  formation  of  these 
hot  spots.  For  the  most  part  these  efforts  incor¬ 
porated  ideas  from  the  classical  continuum 
theory  of  the  deformation  of  solids.  Since  this 
theory  tends  to  distribute  both  energy  and 
deformation  over  regions  that  approach  the 
dimensions  of  the  bulk  of  the  solid,  the  need  to 
achieve  energy  localization  has  often  been 
satisfied  by  relying  on  macroscopic  structural 
defects  within  the  solid,  such  as  voids  or  pores, 
to  provide  the  focal  points  for  concentrating 
energy. 


While  such  theories  may  be  adequate  in  some 
instances,  they  often  fail  to  provide  a  satisfac¬ 
tory  account  of  much  of  the  experimental 
record,  especially  the  more  recent  data.  These 
experiments  show,  among  other  things,  that  in 
well  prepared  samples  containing  no  detectable 
voids  or  pores,  hot  spots/ignition  sites  first  oc¬ 
cur  in  regions  of  high  shear  and  shear  rate.  (3) 
Often  these  were  regions  of  low  to  moderate 
pressure  (C.lGPa),  and  yet  were  frequently  close 
by  regions  of  relatively  high  pressure,  (>1  GPa), 
but  of  low  shear  where  in  well  prepared,  uniform 
samples  first  ignition  has  never  been  observed 
to  happen.  Other  recent  data  from  experiments 
in  which  infrared  emissions  were  monitored 
show  that  heat  is  generated  in  impacted  and  ap¬ 
parently  shocked  crystals  at  the  moment  that 
deformation  begins.  (4,5)  In  these  experiments 
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the  apparent  blackbody  temperatures  were  in 
excess  of  200  to  300  °C  at  the  very  beginning 
of  the  loading  when  the  crystal  deformation  had 
only  progessed  about  10  microns  or  less.  The 
classical  continuum  approach  would  predict 
temperature  increases  of  only  a  few  tenths  of 
a  degree  centigrade -for  these  circumstances.  For 
some  materials  under  high  rate  shock  loading 
the  apparent  blackbody  temperature  was 
observed  to  be  from  700  to  900  °C.  This  behavior 
was  observed  in  both  inert  and  energetic 
materials  during  impact  or  shock  loading,  and 
only  when  the  heating  was  to  a  sufficient 
temperature  did  the  energetic  materials  react 
chemically.  Other  recent  experiments  have 
shown  a  strong  particle  size  effect  on  the  impact 
sensitivity  of  RDX  crystals  when  they  were  im¬ 
pacted  between  anvils  faced  with  the  relative¬ 
ly  soft  surfaces  of  heat  sensitive  film.  (6)  Iden¬ 
tical  imapct  experiments,  but  with  bare  steel  an¬ 
vils,  (Rc=64),  show  a  much  smaller  particle  size 
effect.  (7)  In  the  one  case  the  crystals  deform 
at  a  relatively  slow  rate  due  to  the  simultaneous 
deformation  of  the  plastic  film,  while  in  the  lat¬ 
ter  experiments  crystal  deformation  and  frac¬ 
ture  occur  more  rapidly  because  of  the  unyield¬ 
ing  anvils.  In  the  case  of  slow  deformation,  it 
appears  that  the  lattice  dislocation  velocities  are 
small  enough  to  permit  dislocation  pile-ups  to 
develop  before  ignition  occurs.  This  results  in 
a  typical  Hall-Petch  dependency  with  the  drop 
height  for  ignition  varying  as  the  inverse  square 
root  of  the  particle  size.(8)  In  the  case  of  the 
rapid  deformation,  by  the  hard  anvils,  the 
dislocation  velocities  would  be  large  enough  to 
generate  sufficient  local  heating  for  ignition  to 
occur  before  the  pile-ups  can  fully  develop. 
These  results  are  contained  in  equation  (3)  of 
this  paper.  Indications  of  a  particle  size  effect 
have  also  been  observed  in  shock  expeiments 
with  explosives  but  to  date  this  evidence  has 
not  been  as  clearly  demonstrated  as  with  impact 
experiments. 

Most  if  not  all  of  the  above  observations  in¬ 
dicate  a  discrete,  sub  particle  size,  process  for 
concentrating  the  energy  of  deformation  into 
small  local  regions  or  hot  spots  from  which  ig¬ 
nition  can  occur.  For  the  impact  experiments  at 
least  there  appears  no  possibility  that  adiabatic 
compression  of  gas  in  voids  has  any  significant 
role  in  the  ignition  process.  The  similarity  of  the 
shock  and  impact  infrared  experimental  results 


and  the  fact  that  in  our  recent  experiments  the 
presence  of  voids  was  avoided  mainly  through 
the  use  of  carefully  grown  cyrstals,  suggests 
that  adiabatic  compression  of  gas  in  shocked  ex¬ 
plosive  solids  may  not  be  the  main  contributor 
to  ignition.  Rather,  when  they  occur  the 
presence  of  pores  and  voids  allows  deformation 
to  occur  more  readily  and  it  is  this  deformation 
that  generates  the  local  energy  concentrations 
which  compete  with  adiabatic  compression  as 
the  source  of  ignition  sites. 

ANALYSIS 

With  this  background  in  mind,  our  efforts  to 
understand  and  analyze  the  energy  localization 
process  due  to  impact  or  shock,  have  sought  to 
examine  the  microscopic  piocesses  responsible 
for  plastic  deformation  in  crystalline  solids.  It 
is  well  established  that  this  plastic  deformation 
occurs  by  the  generation  and  movement  of 
dislocations.  (9)  It  is  also  well  established,  by 
both  shock  and  impact  experiments  in  inert 
crystalline  solids,  that  the  deformation  often  oc¬ 
curs  concentrated  in  narrow  regions  known  as 
shear  bands.  (10)  The  regions  on  either  side  of 
the  shear  bands  are  usually  relatively  unaf¬ 
fected  by  the  adjacent  localized  deformation.  It 
is  also  known  that  shear  bands  within  single 
crystals  contain  high  concentrations  of  disloca¬ 
tions.  (11)  Since  the  plastic  deformation  is  ef¬ 
fectively  localized  within  the  narrow  shear 
bands  of  a  rapidly  deforming  crystal,  these 
must  be  regions  of  localized  plastic  work  and 
consequently  regions  of  high  temperature. 
These  and  similar  observations  by  others  (12) 
suggest  that  shear  bands  serve  as  a  natural 
means  of  concentrating  energy  in  rapidly  defor¬ 
ming  explosive  crystals  to  produce  hot  spots 
which  may  eventually  become  ignition  sites. 

As  part  of  this  effort,  we  developed  a  quan¬ 
tum  mechanical  account  of  the  rate  of  energy 
dissipation  by  a  moving  edge  dislocation  in  a 
rapidly  deforming  crystalline  solid.  (13)  Recent¬ 
ly,  this  anlaysis  was  extended  to  include  higher 
order  processes  which  now  enable  it  to  treat  the 
energy  dissipation  that  occurs  during  the  very 
rapid  deformation  and  dislocation  motion  pro¬ 
duced  by  high  strength  shock  waves  as  well  as 
the  slower  motion  produced  by  less  rapid  com¬ 
pressive  waves.  (14)  Equation  (1),  taken  from 
this  most  recent  work,  describes  the  rate  of 
energy  dissipation  by  a  collection  of  dislocations 
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moving  with  velocity  v 

E  =  g  T  R2  /2  (nq+l)Nk  (Nk_q+1)  dq 

+  I|I  <fjH'[iX_i[H/|u>  |2dgdV 
f,u  t  CO,  -  COU 


where  f  = 


- 1 - (_Gb_\2_L.  (i) 

8(2rc)3Nm  'l—v'  d2C 


Nk  is  the  number  density  of  moving  disloca¬ 
tions  per  cm  of  active  slip  plane,  and  Nk_q  is 
the  similar  number  density  of  dislocations  after 
they  have  emitted  a  phonon  of  wave  vector  q. 
The  quantity  nq  is  the  phonon  number  density, 
G  is  the  shear  modulus,  b  is  the  Burgers 
displacement,  Nm  is  the  density,  v  is  the 
Poisson  ratio,  C  is  the  shear  wave  sound  speed, 
d  is  the  intermolecular  spacing,  R  is  the  disloca¬ 
tion  radius,  H'  symbolizes  the  second  and 
higher  order  coupling  between  the  moving 
dislocation  and  the  phonon  field,  co,  is  the  in¬ 
ternal  vibrational  frequency  of  the  ith  vibra¬ 
tional  level,  cou  is  the  phonon  frequency 
generated  by  the  moving  dislocation  and  |u>, 
|t>,  |f>,  are  the  initial,  intermediate,  and  final 
molecular  states  respectively.  The  second  term, 
containing  the  resonant  denominators,  describes 
the  higher  order  processes  accessible  to  excita¬ 
tion  by  shock  driven  dislocations.  A  complete 
derivation  of  this  expression  is  given  in 
reference  14.  In  reference  13  it  was  shown  that 
the  energy  dissipated  by  the  motion  of  edge 
dislocations  was  concentrated  along  the  active 
slip  planes  mainly  in  front  of  the  moving 
dislocations,  so  that  the  energy  localization  oc¬ 
curs  naturally  in  the  proper  region  indicated  by 
experiment. 

There  are  three  limiting  asymptotic  regimes 
that  are  readily  investigated.  The  first  deals 
with  a  relatively  dislocation  free  crystal  for 
which  Nk_q«l  so  that  to  a  good  approxima¬ 
tion  Nk_q  +  1~  1.  The  second  asymptotic 
regime  is  the  case  of  a  heavily  work  hardened 
crystal  for  which  Nk_q  »  1,  so  that  Nk_q  + 
1  ~  Nk_q.  If  the  assumption  is  made  that  alter 
emitting  a  phonon  the  motion  of  the  dislocation 
stops  or  nearly  stops  so  that  k~q=0,  then 
Nk_q  can  be  written  in  terms  of  the  known 
dislocation  number  density  of  a  work  hardened 
pile-up  (15) 


^k-q~0 


2(1  ~V)0 _ _ 

Gb  «(/ 2)2-x2)iS 


(2) 


where  i  is  the  length  of  the  pile-up,  o  is  the 
resolved  applied  shear  stress,  and  x  is  the  loca¬ 
tion  of  interest  in  the  pile-up.  If,  as  often  occurs, 
i  can  be  made  to  approach  the  size  of  the  crystal, 
D,  then  Nk_q=0  has  a  D-1'2  dependency  and 
this  accounts  for  a  particle  size  effect.  Since  in 
neither  of  these  two  cases  does  Nk_q  +  1  de¬ 
pend  on  k  or  q  the  expression  can  be  taken  out¬ 
side  of  the  summation  and  integral  signs  in 
equation  (1).  If  the  additional  assumption  is 
made  that  all  the  dislocations  move  with  the 
same  velocity  v  during  the  deformation,  which 
is  a  standard  simplifying  assumption  in  disloca¬ 
tion  theory,  then  the  sum  over  Nk  can  be  taken 
out  from  under  the  integral  sign  and  the  sum¬ 
mation  just  reduces  to  the  total  number  of  mov¬ 
ing  dislocations,  N  =  £k  Nk.  Dividing  equation 
(1)  by  N  gives  the  energy  density  rate  per  mov¬ 
ing  dislocation  as 

|  =  M!vR<(Nk_,+l]+I/r,a) 

2  |X  <fjH’|i><|tH>>J  j2  dq  rdrd0  (3) 

f.u  '  co,  -  cou  1 

with  units  of  ergs/cm-s,  and  where  q=2n  v/dc. 
How  this  expression  for  q  was  obtained  will  be 
shown  shortly. 

Unfortunately,  material  properties  data  ap¬ 
propriate  to  explosive  crystals  are  not  present¬ 
ly  available  for  substitution  into  equation  (3). 
There  does  exist  however  an  extensive  data  set 
on  the  response  of  lithium  flouride  during  im¬ 
pact  and  shock.  (16)  The  appropriate  material 
properties  data  is  given  in  Table  1.  For  illustra¬ 
tive  purposes,  Figure  (1)  shows  a  comparision 
of  the  predicted  and  experimental  behavior  of 
the  energy  dissipation  rate  per  moving  disloca¬ 
tion  with  the  number  of  residual  dislocations 
that  remain  in  LiF  crystals  after  they  have  been 
subjected  to  shock  or  impact.  Since  at  this  time 
it  is  not  known  how  to  calculate  the  number  of 
dislocations  that  remain  in  a  solid  after  the 
applied  stress  pulse  is  relieved,  this  number  had 
to  be  obtained  by  scaling  down  the  predicted 
total  number  density  of  dislocations  due  to  the 
applied  shear  stress.  (17)  This  scaling,  by  a 
factor  of  1/30,  just  shifts  the  predicted  curve 
along  number  density  axis  until  it  is  in  good 
agreement  with  the  experimental  data.  How¬ 
ever,  the  calculation  of  the  rate  of  energy 
dissipation  is  exact  and  does  not  depend  on  the 


64 


TABLE  1 

Pertinent  Material  Property  Values  for  LiF 

Poisson  Ratio  v  =  .187 
Burgers  vector  b  =  2.84  X  10-8cm 
Li+  — Li+  separation  distance  d  =  4.01  X  10-8cm 
Approximate  radius  of  interaction  of  dislocation 
potential  R  =  d/2  =  2.0  X  10-8cm 
Nominal  Shear  Modulus  G0  =  .5  X  1012  dynes/ 
cm2 

Anisotrophy  factor  A  =  1.82  q 
Effective  Shear  Modulus  G  =  —  .27  X1012 

dynes/cm2 

Shear  wave  speed  CT  =  3.6  X  105  cm Is 
Approximate  length  of  dislocation  pile-up  i  = 
10~2cm 

Approximate  location  of  tail  of  pile-up  x=10_7cm 
Density  Nm  =  2.6  gm/cm3 


IOG,0  RAf(  0*  i|*Cl  CUII 


Fig.  1.  Linear  density  of  residual  edge  disloca¬ 
tions  plotted  against  the  rate  of  energy  dissipa¬ 
tion  per  cm  of  moving  dislocation  in  LiF.  The 
dashed  curves  are  from  experiment,  the  solid 
curve  is  the  theorectical  prediction.  The  ex¬ 
perimental  data  is  from  Johnston  and  Gilman, 
reference  (11). 

number  of  dislocations  after  the  stress  is  re¬ 
lieved,  and  therefore  is  not  effected  by  the  scal¬ 
ing.  The  point  of  major  importance  is  that  both 
experiment  and  theory  give  energy  dissipation 
rates  approaching  1  watt  per  cm  of  moving 
dislocation  at  mild  shocks  with  .5  GPa  shear 
stress.  The  potential  exists  for  very  high  energy 
densities  within  an  active  shear  band.  It  is 


reasonable  to  expect  that  in  any  shear  band  the 
number  of  moving  dislocations  will  exceed  106. 
This  energy  is  reduced  considerably  because  the 
typical  dislocation  length  does  not  approach  1 
cm,  and  it  is  in  motion  for  ODly  a  small  fraction 
of  a  second.  What  is  needed  to  determine  this 
energy  density  is  the  number  and  velocity  of  the 
moving  dislocations  in  the  shear  band,  and  this 
is  the  subject  of  much  of  our  current  research. 

Finally,  there  exists  an  interesting  asymp¬ 
totic  behavior  when  the  dislocation  velocity  is 
very  high  as  might  occur  in  shock  driven  defor¬ 
mation.  Consider  the  case  of  a  dislocation  mov¬ 
ing  with  a  velocity  v  in  a  crystal  lattice  with  a 
simple  Peierls-Nabarro  sinesoidal  intermole- 
cular  potential.  (18)  The  time  required  to  move 
the  dislocation  one  intermolecular  spacing,  d,  is 
just  t=d/v,  and  the  radial  frequency  of  en¬ 
counter  is  0)u  =2  rrv/d.  For  the  Peierls-Nabarro 
potential  this  is  the  spectra  of  the  emitted 
phonons,  while  for  the  more  realistic  intermolec- 
ular  potentials,  the  phonon  spectra  will  consist 
of  bands  centered  about  this  frequency.  For  a 
modest  dislocation  velocity  of  102m/s  and  an 
intermolecular  separation  of  d=10  am,  typical 
of  RDX,  the  major  component  of  the  phonons 
generated  by  the  moving  dislocation  is 
cou=.6X  J,0!2  rad/s.  The  upper  limit  of  possible 
dislocation  velocities  is  nearly  the  shear  wave 
sound  speed  of  the  material.  (9)  For  the  ex¬ 
plosives  of  interest  this  velocity  is  of  the  order 
of  2X103  m/s,  and  is  obtainable  with  disloca¬ 
tions  driven  by  shock  waves.  Therefore,  high 
velocity,  shock  driven  dislocations  will  generate 
phonons  with  frequencies  in  excess  of  1013 
rad/s  which  is  of  the  same  order  as  the  internal 
vibrational  modes  of  most  organic  explosive 
molecules,  o>  ==1013  rad/s.  It  now  follows  that 
with  increasing  dislocation  velocity.  a>u~>co1,  so 
that  the  denominators  of  the  higher  order  pro¬ 
cesses  in  equation  (1)  or  (3)  approach  zero,  and 
these  terms  wili  dominate  the  energy  dissipa¬ 
tion  process.  Thus,  direct  pumping  of  the  inter¬ 
nal  molecular  vibrational  modes  can  occur 
which  in  turn  can  lead  to  rapid  rnultiphonon  in¬ 
duced  molecular  dissociation  with  the  very 
short  transition  times  required  to  support  the 
detonation  process.  (19) 

SUMMARY 

The  problem  of  hot  spot  formation  in  rapidly 
deforming  explosive  crystals  has  been  treated 
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from  a  microscopic  approach  that  builds  on  the 
fundamental  role  that  the  generation  and  mo¬ 
tion  of  dislocations  have  in  producing  plastic 
deformation  in  crystalline  solids.  It  is  shown 
that  energy  localization  occurs  naturally  in 
rapidly  deforming  crystalline  solids  and  that 
high  energy  densities  (temperatures)  are  possi¬ 
ble.  These  occur  simultaneously  with  the  onset 
of  deformation  in  keeping  with  recent  experi¬ 
mental  evidence  that  high  temperatures  appear 
essentially  instantaneously  with  the  start  of 
deformation.  At  high  rates  of  deformation,  cor¬ 
responding  to  high  dislocation  velocities,  the 
energy  dissipation  rate  can  be  very  large  as 
demonstrated  by  both  experiment  and  theo¬ 
retical  prediction.  At  very  large  dislocation 
velocities,  as  would  occur  in  shock  induced 
deformation,  the  localized  energy  dissipated  by 
the  moving  dislocations  can  directly  excite  the 
internal  vibrational  modes  of  many  organic 
molecules.  This  process  could  be  an  effective 
way  to  obtian  rapid  molecular  excitation  and 
dissociation  in  a  detonation  wave. 

Research  is  currently  under  way  to  further  in¬ 
vestigate  the  potential  of  this  approach.  One 
area  in  particular,  is  the  need  to  more  complete¬ 
ly  specify  the  shear  band  thickness  and  temper¬ 
ature  distribution  in  terms  of  variables  that  can 
be  related  to  the  familar  macroscopic  quantities 
as  pressure  and  shear  stress  for  possible  inclu¬ 
sion  as  a  hot  spot  model  in  computer  codes. 
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DISCUSSION 

Y.M.  TIMNAT,  Techninon,  (Haifa,  Israel) 

Is  there  any  evidence  that  shear  bands  are  im¬ 
portant  in  the  initiation  of  explosives? 


REPLY  BY  S.  COFFEY 

Yes.  Perhaps  the  most  direct  evidence  that 
shear  bands  are  important  in  the  initiation  of 
explosive  is  to  be  found  in  the  paper  by  Field, 
Swallowe,  and  Heavens.  (1)  They  present  data 
showing  that  on  impact  a  pellet  of  PETN 
initiated  on  a  macroscopic  shear  band  and  fur¬ 
ther  that  the  chemical  reaction  initially  pro¬ 
pagated  along  that  shear  band.  Frey  has  re¬ 
ported  on  experimental  observations  of  shear 
banding  in  fragment  impacted  Composition  B 
but  without  the  direct  correlation  of  the  shear 
bands  as  the  ignition  sites.  (2) 


These  are  valid  macroscopic  manifestations 
of  shear  banding  in  pressed  polycrystalline  and 
composite  materials.  This  paper  however  is 
more  concerned  with  the  microscopic  processes 
of  shear  banding  as  they  occur  within  a  crystal. 
In  this  case  establishing  a  direct  correlation  be¬ 
tween  shear  banding  and  initaition  is  more  dif¬ 
ficult,  and  consequently  at  this  time  more 
reliance  has  to  be  placed  on  inferential  argu¬ 
ments.  Johnston  and  Gilman  in  their  classic 
work  on  LiF  crystals,  which  had  been  subjected 
to  a  wide  range  of  deformation  rates,  measured 
very  large  dissipation  rates  for  dislocations 
moving  in  the  shear  bands.  (3)  A  large  number 
of  dislocations  were  observed  in  the  shear 
bands,  so  the  obvious  inference  is  that  the 


bands  must  have  been  hot.  Similar  inferences 
can  be  drawn  from  the  great  body  of  evidence 
on  shear  banding  in  metals.  For  example,  in 
steels  subjected  to  high  rates  of  deformation 
there  is  evidence  that  suggests  that 
temperatures  in  excess  of  800  C  were  reached. 
(4)  Of  course  if  most  of  the  plastic  deformation 
is  confined  to  the  shear  bands,  as  is  generally 
the  case,  simple  theoretical  arguments  require 
these  regions  to  become  hot. 

To  try  to  resolve  this  issue,  a  series  of  ex¬ 
periments  are  now  beginning  at  the  Naval  Sur¬ 
face  Weapons  Center  which  use  an  array  of  in¬ 
frared  detectors  to  determine  the  spatial  and 
spectral  distributions  of  shear  bands  in  single 
crystals  during  impact  and  shock  loading. 
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CAVITY  COLLAPSE  IN  ENERGETIC  MATERIALS 


Robert  B.  Frey 
Ballistic  Research  Laboratory 
US  Army  Materiel  Command 
Aberdeen  Proving  Ground,  Maryland  21005-5066 


We  have  studied  the  mechanics  of  cavity  collapse  in  an  energetic 
material  During  cavity  collapse,  several  mechanisms  can  act  in¬ 
dividually  or  collectively  to  produce  high  temperature  hot  spots.  Our 
goal  is  to  understand  how  pressurization  rate,  cavity  size,  and 
material  parameters  affect  hot  spot  formation.  For  this  purpose  we 
have  considered  the  collapse  of  spherical  cavities  using  a  modified 
form  of  the  model  of  Carroll  and  Holt.  Using  this  analysis,  we  can 
consider  hot  spots  produced  by  inviscid  plastic  work,  viscoplastic 
work,  gas  phase  heating,  or  solid  phase  compression  (which  occurs 
as  the  result  of  high  pressures  produced  when  material  collides  at 
the  center  of  the  cavity).  Under  the  proper  conditions,  each  of  these 
mechanisms  may  be  dominant,  but  viscous  heating  is  the  most  effi¬ 
cient  mechanism  and  is  dominant  when  the  rise  time  of  the  pressure 
is  short,  viscosity  is  high,  andJor  yield  stress  is  low.  The  conditions 
under  which  the  other  mechanisms  are  dominant  and  the  dependence 
of  hot  spot  temperatures  on  the  pressurization  rate,  cavity  size,  and 
material  properties  are  discussed.  Cavity  size  and  melt  point  have 
an  interesting  effect  on  the  computed  temperatures.  Melting  is 
signficantly  desensitizing  when  the  cavities  are  small  but  can  be  sen¬ 
sitizing  for  larger  cavaties. 


INTRODUCTION 

It  is  well  known  that  cavities,  or  microporosi¬ 
ty,  can  sensitize  an  energetic  material  to  shock 
or  compression  waves.  There  are  many  reasons 
for  this  which  have  been  discussed  by  many 
authors.  Mader  (1),  in  considering  shock  initia¬ 
tion,  proposed  a  hydrodynamic  mechanism  in 
which  the  upstream  surface  of  a  cavity  is  ac¬ 
celerated  by  the  shock  and  hits  the  downstream 
side  of  the  cavity,  producing  a  high  impact 
pressure  which  is  amplified  by  convergence 
effects  during  the  collapse  process.  In  this 
mechanism,  the  heating  is  produced  by  com¬ 
pression  of  the  solid  phase  material  and  plastic 
or  viscoplastic  work  is  not  required.  Bowden 
and  Yoffe  (2)  demonstrated  that  under  some 
conditions  gas  compression  in  pores  could  cause 
ignition.  Other  experimental  work  (3.4)  has 
demonstrated  that  this  is  not  the  controlling 
mechanism  under  the  usual  conditions  of  shock 


initiation,  but  Starkenberg  (5)  has  demon¬ 
strated  that  it  can  be  a  dominant  mechanism 
under  conditions  where  the  compression  rate  is 
relatively  low  (compared  to  shock  waves)  and 
the  cavities  are  relatively  large  (a  millimeter  or 
more  in  diameter).  Khasainov  (6)  and  Carroll  and 
Holt  (7)  have  discussed  heating  due  to  plastic 
work  in  the  vicinity  of  collapsing  cavities. 
Carroll  and  Holt  considered  inviscid  plastic 
work  (in  reference  8  they  considered  viscous 
effects  but  did  not  discuss  thermal  effects)  and 
Khasainov  considered  purely  viscous  (stress 
varies  linearly  with  strain  rate)  plastic  work.  In 
each  case,  significant  temperature  increases 
were  predicted  for  a  thin  shell  of  material 
around  the  collapsing  cavity.  It  is  also  possible 
that  shear  bands  could  form  in  the  vicinity  of 
collapsing  cavities.  Initiation  as  the  result  of 
shear  banding  was  first  discussed  by  Winter 
and  Field  (9),  although  not  in  the  context  of  cavi¬ 
ty  collapse.  The  present  author  discussed  shear 


banding  in  reference  10,  and  it  appears  that 
shear  banding  is  also  a  possible  ignition 
mechanism. 

A  problem  with  all  of  the  treatments  mentioned 
above  is  that  they  do  not  relate  the  ignition 
thresholds  to  such  obvious  physical  parameters 
as  cavity  size  and  pressurization  rate  or  to  such 
material  properties  as  viscosity,  yield  strength, 
and  melt  point.  Much  experimental  work  (see 
reference  11,  for  instance)  indicates  that  parti¬ 
cle  size  (which  affects  cavity  size)  has  a  strong 
effect  on  ignition  thresholds.  Also,  it  is  widely 
recognized  that  the  pressurization  rate  must  af¬ 
fect  ignition  thresholds,  and  this  effect  has  been 
observed  experimentally  by  Setchell  (12).  Of  the 
theoretical  treatments  mentioned  above,  only 
Starkenberg’s  addresses  these  two  questions, 
and  Starkenberg  discusses  only  the  gas  com¬ 
pression  mechanism.  None  of  the  treatments 
mentioned  above  discusses  the  effect  of  melting. 

Our  goal  in  this  paper  is  to  combine  the 
various  heating  mechanisms  which  can  occur  in 
the  vicinity  of  a  collapsing  cavity  into  one  model 
and  to  determine  the  conditions  under  which 
each  is  dominant.  The  model,  which  is  described 
in  the  next  section,  is  necessarily  highly  ideal¬ 
ized,  so  we  will  be  interested  in  general  trends 
rather  than  specific  ignition  thresholds.  We  will 
consider  the  effects  of  pressurization  rate,  cavi¬ 
ty  size,  viscosity,  yield  strength,  and  melt  point. 
Unfortunately,  it  was  not  possible  to  include 
shear  banding  in  the  model,  so  this  mechanism 
is  ignored. 

PRINCIPAL  ASSUMPTIONS  USED  IN 
THE  MODEL 

We  based  our  model  on  the  work  of  Carroll 
and  Holt  (7)  and  Carroll,  Holt,  and  Butcher  (8). 
They  considered  the  collapse  of  a  spherical  cavi¬ 
ty  at  the  center  of  a  spherical  shell  of  solid 
matrix  material.  The  assumptions  of  the  mode) 
are  as  follows: 

1.  The  flow  is  spherically  symmetric  in  the 
vicinity  of  the  cavity,  and  the  pressure  in  the 
vicinity  of  the  cavity  depends  only  on  radius. 
These  are  severe  restrictions,  but  there  are  two 
cases  where  they  are  reasonable  assumptions. 
The  first  is  the  case  where  rate  of  pressure  in¬ 
crease  is  sufficiently  low  that  there  is  never  any 
significant  pressure  gradient  across  the 
diameter  of  the  cavity;  i.e., 


AP  = 


dP  A 
dt  C 


«  P, 


max' 


(i) 


Where  AP  is  the  pressure  gradient  across  the 
cavity,  dp/dt  is  the  rate  of  pressurization,  A  is 
the  cavity  radius,  C  is  the  sound  speed,  and 
Pmax  is  the  maximum  applied  pressure.  For  a 
1000  micron  cavity,  assuming  a  sound  speed  of 
2.5  km/sec,  this  relation  is  satisfied  as  long  as 
the  pressurization  time  (Pmax/(dp/dt))  is  greater 
than  one  microsecond.  It  will  thus  apply  to  all 
the  situations  of  interest  except  those  involving 
shocks  with  very  short  rise  times.  The  second 
case  is  where  the  time  required  for  the  shock  or 
compression  wave  to  pass  over  the  cavity  is 
very  short  compared  to  the  cavity  collapse  time; 
i.e., 


£  «  t,  (2) 

where  r  is  the  cavity  collapse  time.  Viscous  ef¬ 
fects,  which  will  be  discussed  later,  typically  re¬ 
quire  that  the  cavity  collapse  time  be  of  the 
order  of  a  microsecond  even  for  small  cavities. 
Hence,  this  relation  holds  for  cavities  as  big  as 
1000  microns. 

2.  The  matrix  material  is  incompressible.  The 
use  of  this  assumption  has  several  ramifica¬ 
tions.  First,  it  limits  us  to  cases  where  the  col¬ 
lapse  velocity  is  much  less  than  the  sound 
speed.  By  calculation,  this  was  true  for  the 
results  reported  here.  Second,  it  means  that  we 
cannot  explicitly  consider  the  hydrodynamic 
mechanism  since  the  heating  in  this  mechanism 
is  due  to  compression  of  the  solid.  However,  we 
will  be  able  to  determine  when  the  collapse  pro¬ 
cess  leads  to  pressures  where  the  hydrodynamic 
mechanism  might  apply.  Finally,  we  are  limited 
to  relatively  low  applied  pressures.  Ben  Reuven 
and  Summerfield  (1"'  analyzed  the  case  of  a  col¬ 
lapsing  cavity  in  an  inviscid  fluid  without 
strength.  Their  results  indicate  that  compress¬ 
ibility  begins  to  affect  computed  pressure  in  the 
cavity  when  that  pressure  reaches  about  one 
gigapascal.  When  strength  and  viscosity  are 
considered,  the  importance  of  compressibility 
may  be  less,  but  we  will  generally  restrict 
ourselves  to  applied  pressures  of  less  than  one 
gigapascal.  The  computed  pressure  in  the  vicini¬ 
ty  of  the  collapsing  cavity  may  exceed  this  limit, 
and  when  it  does  we  must  be  aware  of  the 
possibility  of  error. 
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3.  The  following  constitutive  relations 
applies: 

2 

Sr  =  2juer  +  :V 

(3) 

Se  =  2/te0  -  g  Y, 

where  p  =  viscosity,  Y  =•  yield  strength,  St  and 
So  are  the  principle  deviation  stresses,  and  er 
and  eg  are  the  principle  deviator  strain  rates. 
This  relation  is  appropriate  for  a  rigid-plastic 
material,  and  it  was  our  intention  to  limit 
ourselves  to  this  case.  However,  in  doing  the 
calculations  we  found  it  necessary  to  relax  this 
assumption  as  described  below. 

Computational  Details 

Carroll  and  Holt  considered  a  hollow  sphere 
with  outer  radius  b,  inner  radius  a,  and  porosi¬ 
ty  a,  defined  as  the  ratio  of  the  actual  volume 
to  the  fully  compacted  volume,  where  a  — 
b3/(b3  -  a3).  The  equation  of  motion  for  this 
system  is 

3or  2 

~§f  °6 >  =  er.  (4) 

where  or  and  Oq  are  the  principle  stresses,  r  is 
the  radius,  and  dots  imply  differentiation  with 
respect  to  time.  Following  Carroll  and  Holt,  we 
note  that 

or  -  op  =  Sr  -  Se  -  per  4-  Y,  (5) 
and  apply  the  boundary  conditions, 
or  =  Pg  at  r  =  a 
or  =  -  P  at  r  =  b, 

where  P  the  applied  pressure  and  Pg  is  the 
pressure  in  the  gas  filled  cavity. 

We  also  note  that 


P  -  P„ 


a  *  a 


■b  4]U  B 


3  r4 


dr 


=  F  {a,  a,  a) 
F  (a,  a,  a)  = 


(7) 


Sao  [^2  “  l)3  “ 0,5  1— a 

3(a0-l)|  6  (7a) 
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For  convenience,  we  will  refer  to  the  third  term 
on  the  left  side  of  Eq.  (7)  as  the  inviscid  plastic 
yield  stress,  Pe„,  and  the  fourth  term  as  the 
viscous  stress,  Pv.  The  rate  of  plastic  work  per 
unit  volume  at  any  point  in  the  flow  may  be 
computed  from  the  following  equation  (14): 

W  =  Sjdej,  (8) 

0 

where  Sj  is  the  principle  deviatoric  stress,  e;  is 
the  principle  deviatoric  strain,  e[  is  the  final 
value  of  the  deviatoric  strain  and  p  is  the  den¬ 
sity.  In  our  case,  we  divide  the  total  work,  W, 
into  a  plastic  work  term,  Wp,  and  a  viscoplastic 
work  term,  Wv.  Using  Eq.  (5,  6,  and  8)  yields 
the  results  that 


WD  =  3  Y  5. 
p  3  r3 

(9) 

and  Wv  =  ? 

v  O  Cl 

(10) 

3  f6 


Eq.  (7)  was  integrated  numerically  to  deter¬ 
mine  B,  B,  r,  and  a.  Simultaneously,  we 
numerically  integrated  the  heat  equation  for  the 
material  about  the  cavity  to  determine  the  local 
temperature  T: 


3 T  _  K  f  3'4I'  ,  2  3T]  ,  W  mii 

0t  pc  1  3r*  7  3rJ  pc  ’ 


where  B(t)  =  a'^  -  a*  =  b4  -  b3  (6) 
-  a4  (a0  -  a)/(aQ  -  1) 

and  ac,  b0.  and  a0  are  the  initial  values  of  a,  b, 
and  a.  The  equation  of  motion  can  then  be  in¬ 
tegrated  with  respect  tc  the  radius  and  the 
result  expressed  as  the  following  differential 
equ«tiOn  fu«  or. 


where  t  is  time  K  is  heat  conductivity,  and  C 
is  heat  capacity. 

The  gas  in  the  cavity  was  treated  using  an 
Abel  equation  of  state, 

Pg  iV-nVc)  =  »RT  (12) 

where  V  is  the  volume  of  the  cavity,  Ve  is  the 
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covolume  of  the  gas,  R  is  the  gas  constant,  n 
is  the  number  of  moles  of  gas  present,  and  T  is 
temperature.  The  pressure  was  assumed  to  be 
uniform  throughout  the  gas  phase,  but  the 
temperature  and  density  could  vary  as  a  func¬ 
tion  of  radius.  The  temperature  was  obtained 
from  the  heat  equation,  which  was  simplified  by 
assuming  that  the  source  term,  the  heat 
generated  by  pressure-volume  work,  was  con¬ 
stant  everywhere  in  the  gas  phase.  When  the 
temperature  was  known  in  each  zone,  the 
pressure  could  be  determined  from  the  follow¬ 
ing  equation, 


4  na3  —  2!  njVj. 

3  > 

where  Voj  is  the  initial  volume  of  the  ith  ele¬ 
ment.  n,  is  the  moles  of  gas  in  the  ith  element, 
T,  is  the  temperature  of  the  ith  element,  T0  is 
the  initial  temperature,  Pg0  is  the  initial 
pressure,  and  a  is  the  cavity  radius.  Knowing 
Pg  and  Tj,  Eq.  (12)  was  used  to  compute  the 
volume  of  each  element  of  the  gas  phase. 

At  the  gas-solid  interface,  the  inner  most 
layer  of  solid  and  the  outermost  layer  of  gas 
were  combined  in  a  single  zone.  Heat  inputs  and 
outputs  (by  heat  conduction,  by  gas  phase 
pressure- volume  work,  and  by  solid  phase 
plastic  and  viscoplastic  work)  were  averaged 
over  the  entire  zone.  This  procedure  permitted 
a  little  heat  to  be  transferred  from  the  gas  phase 
to  the  solid  phase  even  when  the  gas  phase  heat 
conductivity  was  set  equal  to  zrro. 

The  computational  mesh  was  set  up  so  that 
the  zones  near  the  gas-solid  boundary  were 
always  very  small.  The  zone  size  gradually  in¬ 
creased  further  from  the  boundary.  The 
thickness  of  the  innermost  zone  in  the  solid 
phase  was  initially  0.02  times  the  cavity  radius 
and  during  the  calculation  it  was  never  more 
than  0.25  times  the  instantaneous  cavity  radius, 
'f'he  calculation  was  rezor.ed  to  use  n  smaller 
zone  size  whenever  this  criterion  was  violated 
or  when  a  large  temperature  difference  was 
noted  between  the  two  innermost  zones. 
Because  of  the  .'.mall  zone  size,  it  was  necessary 
to  violate  the  1  ’  nNeumann  stability  condition 
in  order  to  achieve  reasonable  computer  times. 
However,  the  finite  difference  calculation  was 
carried  out  using  a  predictor-corrector  tech¬ 
nique  with  several  iterations  at  each  time  step 


and  no  problems  with  stability  were  observed. 

The  yield  strength,  Y,  was  varied  in  the 
calculations  to  observe  its  effect  on  the 
temperature  achieved.  When  the  temperature 
was  more  than  30  °C  below  the  melt  point,  Y 
was  constant,  and  above  the  melt  point  it  was 
zero.  In  the  30  °C  range  of  temperature  just 
below  the  melt  point,  Y  decreased  linearly  as  a 
function  of  temperature.  Two  forms  of  the 
viscosity,  g,  were  used.  In  the  constant  viscosi¬ 
ty  model,  the  viscosity  was  independent  of  both 
temperature  and  pressure.  This  was  convenient 
for  studying  the  effect  of  viscosity  but  not  very 
realistic.  In  the  variable  viscosity  model,  the 
viscosity  varied  according  to  the  following 
equation: 

g  =  1000  poise  for  T  <  T  melt 
g  =  (14) 

K>  exP  ( “)  exP  (  | )  for  T>T  melt, 

where  P0,  Ts,  u0,  and  E  are  constants.  This  type 
of  relation  has  been  discussed  by  Frankel  (15) 
and  Bridgeman  (16).  The  value  of  1000  poise  for 
the  viscosity  below  the  melt  point  was  chosen 
on  the  basis  of  Khasainov’s  (6)  analysis  of 
Wackerle’s  (17)  data  for  the  decay  of  pressure 
behind  a  shock  wave  in  porous  PETN.  In 
another  paper  (18),  Wackerle  suggests  a  higher 
value  of  10,000  poise,  and  at  times  we  have  used 
this  v  alue  instead  of  1000  poise  in  equation  (14). 
For  u0,  E,  and  Ts,  we  used  values  appropriate 
to  TNT  and  determined  by  fit  to  very  limited 
data  in  reference  19.  For  P0  we  used  a  value  ap¬ 
propriate  to  nitrobenzene  and  determined  from 
data  in  the  International  Critical  Tables.  These 
values  and  values  for  some  other  parameters  are 
shown  in  Table  1.  In  using  these  parameters, 
we  are  not  attempting  to  model  any  particular 
material,  but  we  are  choosing  parameters  which 
we  feel  are  representative  of  secondary  ex¬ 
plosives.  The  melt  point  was  varied,  but  where 
it  is  not  specified  it  is  353  °K.  Unless  stated 
otherwise,  we  also  assumed  in  all  cases  that  the 
melt  point  increased  by  200°/GPa.  Gas  phase 
heat  conductivities  increase  greatly  with 
pressure.  Starkenberg  (8)  has  shown  that  this 
effect  must  be  included  if  one  is  to  correctly 
model  the  ignition  of  explosives  due  to  gas  com¬ 
pression.  In  the  calculations  reported  here,  we 
restrict  ourselves  to  a  constant  gas  phase  heat 
conductivity,  but  use  a  value  ten  times  that  of 
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air  at  atmospheric  pressure  and  room  tempera¬ 
ture.  We  also  discuss  the  effect  of  varying  the 
gas  phase  heat  conductivity. 

For  simplicity,  we  had  hoped  to  use  a  rigid 
plastic  model  for  determining  the  deviator 
stress,  as  depicted  by  equation  (4).  In  some 
situations,  however,  the  cavity  “bounces”  as  it 
collapses.  In  these  cases,  e,.  changes  sign,  and 
if  the  rigid  plastic  model  is  used  the  deviator 

TABLE  1. 

Material  Properties  Used 


u0  =  1.39  X  10—2  kg/m/s 
Ts  =  358 °K 
E  =  3,880  °K 
Ps  =  0.165  GPa 
g  =  1.6  X  103  kg/m3 
C  =  1.4  X  103  joule/(kg°C) 
K  =  0.262  joule/(m°C  s) 

Vc  =  28  cm3/mole 
Kg=  .33  joule/m  °C  s) 

C  =  1  X  103  joule/(kg°C) 
ao  =  1-05 


(K^  and  C  are  the  gas  phnse  heat 
conductivity  and  heat  capacity.  They 
were  assumed  to  he  constant  for 
simplicity,  but  see  text.) 

stresses  all  suddenly  change  sign.  This  causes 
convergence  problems  in  the  numerical  integra¬ 
tion  of  equation  (6).  In  principle,  this  problem 
could  be  eliminated  by  using  the  full  elastic- 
plastic  form  of  the  equations,  as  described  in 
reference  10,  but  we  wished  to  keep  the  problem 
as  simple  as  possible.  Consequently,  we  in¬ 
vented  an  artificial  elastic  behavior.  During  the 
first  phase  of  the  collapse,  the  matrix  is  treated 
as  rigid-plastic  as  described  above.  If  the  cavi¬ 
ty  “bounces"  and  the  radius  begins  to  grow,  the 
plastic  yield  stress,  Peq,  is  computed  from  the 
following  equations: 

Peq  ~  Flo)  dr  (15) 

r 

Flo)  =  1  -  -  —  “HP  for  o  <  2o'  +  omin 

c t'—a  ,,mi 

mm 

(16) 

Flo)  =  -1  for  o  >  2o’  +  omm 

Q  ~  °min  ’  G  G 


where  omin  is  the  lowest  porosity  obtained  on 
the  preceding  cycle  of  collapse  and  G  is  the 
shear  modulus.  If  the  cavity  has  been  expand¬ 
ing  and  begins  to  contract,  Peq  is  given  by 
equation  (15)  with  F(o)  defined  as  follows: 

F(o)  =  — —  —  1  o>2o'  —  omax  (18) 

am&x~a 

F(o)  =  1  o<2o'  -  omax 

(19) 

(2G  omav+Y) 

2G  +  Y 

where  omax  is  the  largest  porosity  obtained  on 
the  last  cycle  of  expansion.  Peq,  calculated  for 
equation  (15)  to  (17),  replaces  the  third  term  on 
the  left  side  of  the  equation  (7). 

PRESSURE  AMPLIFICATION 

During  cavity  collapse,  the  material  in  the 
vicinity  of  the  cavity  may  be  accelerated  to 
relatively  high  velocity.  In  the  final  stage  of 
cavity  collapse  this  material  must  be  abruptly 
decelerated,  and  the  pressure  may  obtain  very 
high  values,  many  times  that  of  the  applied 
pressure.  This  is  what  we  call  pressure 
amplification  or  overshoot.  In  an  inviscid, 
strengthless  fluid  overshoot  always  occurs  (for 
instance,  see  reference  13).  When  overshoot  oc¬ 
curs,  the  hydrodynamic  ignition  mechanism, 
which  involves  compression  of  matrix  material, 
may  be  possible.  When  overshoot  does  not  oc¬ 
cur,  the  hydrodynamic  mechanism  will  not  be 
important  (at  least  for  the  relatively  low  applied 
pressures  which  are  considered  here). 

When  the  effects  of  viscosity  and  strength  are 
considered,  overshoot  is  not  inevitable.  It  is  im¬ 
portant  to  understand  when  it  does  and  does 
not  occur.  If  the  strength  is  sufficiently  high 
and  the  pressurization  rate  is  sufficiently  low, 
the  inviscid  plastic  yield  stress  (Pcq,  the  third 
term  on  the  left  side  of  equation  7)  will  increase 
(as  the  cavity  collapses)  fast  enough  to  keep  up 
with  the  applied  pressure,  and  high  collapse 
velocities  do  not  occur.  A  dimensionless 
parameter,  N,,  which  describes  this  effect  is  the 
following: 

N.-A^N/r  (20) 

1  dt  Y 

where  A  is  initial  cavity  radius,  P  is  pressure, 


12 


t  is  time,  Q  is  density,  and  Y  is  the  inviscid  yield 
strength.  Figure  1  shows  the  result  of  two 
calculations  where  the  applied  pressure  was  0.4 
GPa,  the  pressurization  time  was  10  micro¬ 
seconds,  the  viscosity  was  very  low  (1  poise), 
and  the  yield  strength,  Y,  was  0.07  GPa.  With 
a  cavity  size  of  100  microns,  the  plastic  yield 
stress  keeps  up  with  the  imposed  pressure  and 
the  cavity  undergoes  a  “gentle’’  collapse.  For 
larger  cavities,  with  other  parameters  the  same, 
P  exceeds  Peq  by  a  large  amount  early  in  the 
collapse  process,  and  the  radial  velocity 
becomes  large.  When  the  cavity  collapse  is  near¬ 
ly  complete,  Peq  overshoots  P,  and  the  cavity 
“bounces.”  Peq  can  become  very  large  in  this 
case,  producing  pressures  which  invalidate  this 
model  but  make  Mader’s  hydrodynamic  model 
possible.  Based  on  our  calculations,  the  critical 
value  of  N[  is  about  1.0. 

Viscous  effects  'dso  prevent  overshoot 
Khasainov,  in  di:  ig  purely  viscous  flow 

(Y =0)  and  infinitesimal  pressure  rise  times,  in¬ 
troduced  another  nondimenaional  parameter, 
which  determines  whether  viscous  damping  can 
absorb  the  available  energy  fast  enough  to  pre¬ 
vent  the  cavity  from  “bouncing.’’  This 
parameter,  N2.  is  defined  by  the  following 
expression: 

N2  =  .  (21) 

P 

Figure  2  shows  the  results  of  two  calculations 
winch  have  a  fast  risetime  (1  microsecond),  yield 
strength  of  0.035  GPa,  initial  cavity  size  of  100 
microns,  and  viscosity  of  200  and  1000  poise. 
N ,  is  large  (2.73)  so  the  possibility  of  large  col¬ 
lapse  velocities  and  pressure  overshoot  exists 
in  all  cases.  With  the  smaller  viscosity,  the  cavi¬ 
ty  bounces  and  pressure  overshoot  occurs,  but 
with  higher  viscosity,  the  cavity  collapses 
"gently.”  Based  on  our  calculations,  the  critical 
value  of  N2  is  about  one. 

If  both  N|  and  N.,  are  greater  than  one, 
pressure  overshoot  can  occur  and  hydrody¬ 
namic  heating  is  possible.  Figures  3  and  4  are 
intended  to  provide  some  perspective  on  the 
range  of  cavil}  sizes,  pressures,  and  pressuriza¬ 
tion  rates  for  which  this  can  happen.  In  Figure 
3.  we  have  plotted  the  pressurization  rate  ver¬ 
sus  the  cavitv  size  on  the  curve  N,  =  l  for  the 
case  where  p=  1.6  gem'  and  Y =0.035  GPa.  In 
Figure  4.  we  have  plotted  the  cavity  radius  as 


a  function  of  pressure  on  the  curve  N2=l.  If 
either  Nj  or  N2  is  less  than  one,  pressure  over¬ 
shoot  does  not  occur  and  the  hydrodynamic 
mechanism  is  not  possible.  If  both  are  greater 
than  one,  hydrodynamic  heating  may  occur  as 
well  as  viscous  and  plastic  work.  Under  shock 
wave  conditions,  where  pressurization  rates  are 
very  high,  Figure  3  indicates  that  overshoot  is 
possible,  based  on  the  Nj  criterion  and  the 
parameters  mentioned  above,  for  cavities  larger 
than  about  one  micron.  However,  if  the 
pressurization  rate  was  reduced  to  0.052 
GPa/microsecond,  which  is  slow  when  compared 
to  shock  waves  but  still  large  when  compared 
to  many  stimuli,  a  cavity  as  large  as  1000 
microns  could  collapse  without  overshoot. 
Figure  4  shows  that  for  an  applied  pressure  of 
0.4  GPa,  the  N2  criterion  prevents  overshoot 
for  cavities  as  large  as  40  micron.  Figure  4  was 
computed  with  a  viscosity  of  1000  poise.  If  this 
value  was  raised  to  10,000  poise,  as  suggested 
by  Wackerle  (18),  the  cavity  size  required  for 
overshoot  would  increase  by  an  order  of 
magnitude. 

VISCOPLASTIC  HEATING 

We  will  now  consider  the  heating  which 
occurs  in  the  vicinity  of  the  collapsing  cavity 
due  to  viscoplastic  work.  The  temperature 
which  is  produced  is  controlled  by  a  number  of 
factors,  which  are  described  as  follows: 

(1)  The  relation  between  the  cavity  collapse 
time  and  the  pressurization  time.  The  energy 
dissipated  in  the  vicinity  of  the  cavity  is  the  in¬ 
tegral  of  the  pressure  with  respect  to  the  change 
in  volume.  If  the  pressurization  time  is  large 
compared  to  the  collapse  time,  most  of  the 
volume  change  occurs  while  the  pressure  is  low 
and  the  energy  dissipated  is  relatively  small 
(but  not  negligible).  Two  characteristic  collapse 
times  may  be  considered.  One  is  an  inertial  col¬ 
lapse  time,  t,,  which  applies  to  inviscid  flows 
and  is  given  by  the  following  expression  (13): 

t,  =  A(|y  122, 

For  large  cavities  (greater  than  a  millimeter)  it 
is  frequently  the  controlling  parameter.  The  sec¬ 
ond  is  a  viscous  collapse  time,  tv,  which  is  in¬ 
dependent  of  cavity  size  (a  surprising  fact  in  the 
opinion  of  this  author).  Khasainov  (6)  gave  the 
following  expression  for  tv: 
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t  =  ^  .  (23) 

P 

For  a  viscosity  of  1000  poise  and  an  applied 
pressure  of  0.4  GPa,  tv  is  about  one  microsec¬ 
ond.  Since  it  is  independent  of  cavity  size,  it  is 
frequently  the  controlling  parameter  for  small 
cavities  (less  than  a  millimeter).  Figure  5  shows 
how  the  dissipated  energy  varies  with  che  rise 
time,  r,  of  the  pressure  for  a  calculation  with 
a  cavity  size  of  40  micron,  a  pressure  of  0.4  GPa, 
a  yield  strength  of  0.07  GPa,  and  a  viscosity  of 
1000  poise.  The  curve  is  “S”  shaped  with  high 
dissipated  energy’  for  short  rise  times  and  low 
dissipated  energy  for  long  rise  times.  For  the 
situation  in  Figure  5,  the  ratio  of  t%Jr  is  the  im¬ 
portant  parameter,  and  the  dissipated  energy 
changes  as  this  parameter  changes  from  more 
than  one  to  less  than  one. 


(2)  The  relation  between  in  viscid  plastic  work 
and  viscoplastic  work.  Depending  upon  cir¬ 
cumstances,  the  plastic  work  may  be 
predominantly  oi  the  inviscid  type  (controlled 
by  the  yield  strength  Y)  or  the  viscous  type  (con¬ 
trolled  by  viscosity).  From  equations  9  and  10, 
we  can  that  vi  coplastic  work  has  a  much 
stronger  dependence  on  radius  than  does  in- 
viscid  plas*ic  work.  Therefore,  when 
viscopla3tic  work  dominates,  we  expect  the 
dissipation  to  be  more  localized  and  the 
temperature  to  be  higher.  Furthermore,  the  in- 
viscid  plastic  yield  stress  goes  to  zero  at  the 
melt  point,  and  this  limits  the  heating  which  can 
be  caused  by  inviscid  plastic  work.  We  find  that 
there  is  a  critical  parameter,  Na,  which  deter¬ 
mines  whether  viscous  or  inviscid  effects  domi¬ 
nant.  It  is  the  quotient  of  N,  di  vided  by  N?  and 
is  expressed  as  follows: 


N3  -  yT  *24) 

where  p  is  viscosity,  1*  is  the  applied  pressure. 
\  is  the  inviscid  yield  strength  and  T  is  the  rise 
time  of  the  applied  pressure.  When  Na  is  much 
greater  than  one  (high  viscosity,  low  yield 
strength,  low  rise  time)  viscous  effects 
dominate  Figure  6  illustrates  the  effect  of  Na 
It  is  a  plot  of  the  maximum  temperature,  T. 
obtained  in  the  solid  phase  in  the  vicinity  of  a 


collapsing  cavity,  as  a  function  of  the  rise  time 
of  the  applied  pressure  for  calculations  where 
the  viscosity  was  1000  poise,  the  initial  cavity 
radius  was  40  microns,  the  applied  pressure  was 
0.4  GPa,  and  the  yield  strength  was  0.07  GPa. 
The  curve  has  an  “S”  shape,  and  the  transition 
from  low  to  high  temperature  occurs  when  Na 
is  about  one.  For  the  situation  in  Figure  6,  the 
parameter  tv/T  changes  from  less  than  one  to 
greater  than  one  at  about  the  same  place,  and 
this  increases  the  effect  of  rise  time  on  the 
temperature.  As  can  be  seen,  the  computed 
temperature  is  very  strongly  dependent  on  rise 
time,  with  the  transition  from  low  to  high 
temperatures  occurring  for  rise  times  in  the  one 
to  ten  microsecond  range.  Figure  7  shows  the 
effect  of  viscosity  on  the  maximum  computed 
temperature  (solid  phase).  The  cavity  size  was 
40  microns;  the  applied  pressure  was  0.4  GPa, 
and  two  curves  are  shown  with  different 
pressurization  times.  The  temperatures  increase 
with  increasing  viscosity,  and  the  most  rapid 
increase  occurs  as  Na  changes  from  less  than 
one  to  more  than  one.  Figure  8  shows  how  the 
rise  time  varies  with  the  applied  pressure  P  on 
the  curve  Na  =1  when  p=1000  poise  and 
Y=0.035  GPa.  For  shock  waves,  where  T  is  very 
short,  viscous  heating  will  be  dominant,  and 
high  temperatures  are  expected.  With  slower 
pressurization  rates,  plastic  work  may  be  domi¬ 
nant,  and  the  temperature  will  be  lower. 

(3)  Cavity  size  and  level  of  applied  pressure. 
The  maximum  energy  available  for  dissipation 
at  the  cavity  is  the  product  of  the  cavity  size 
and  applied  pressure.  These  parameters  also  in¬ 
fluence  the  computed  temperatures  by  their  ef¬ 
fect  on  the  parameters  N,,  N2.  and  Na  discuss¬ 
ed  above,  it  is  interesting  to  note  that  in  a  pure¬ 
ly  hydrodynamic  model,  with  plastic  work  and 
gas  phase  heating  ignored,  the  temperature 
which  can  be  achieved  at  a  cavity  is  indepen¬ 
dent  of  cavity  size  if  the  rise  time  is  infinitesimal 
(the  size  of  the  hot  spot  increases  with  cavity 
size,  but  its  temperature  does  not).  However, 
when  plastic  work  is  considered,  cavity  size  has 
a  strong  effect  on  the  results.  This  is  shown  in 
Figure  9.  The  upper  curve  in  Figure  9  shows 
how  the  maximum  computed  temperature  (in 
the  solid  phase)  varies  as  a  function  of  cavity 
size  for  a  series  of  calculations  with  p=1000 
poise,  r=0. 1  microseconds,  and  Y=0.07  GPa. 
For  this  series  of  calculations,  Na  is  large,  and 
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viscous  heating  dominates.  Rather  high 
temperatures  are  thus  computed  over  the  entire 
range  of  cavity  sizes,  but  the  temperature  in¬ 
creases  with  cavity  size.  When  the  cavity  size 
exceeds  100  microns,  N2  becomes  larger  than 
one,  and  pressure  overshoot  occurs.  A  sharp  in¬ 
crease  in  the  temperature  occurs  because  the 
cavity  radius  is  driven  down  to  a  very  small 
value,  and  this  causes  greater  localization  of  the 
energy  (the  high  pressure  may  also  cause  hydro- 
dynamic  heating,  but  we  do  not  consider  that 
effect  here).  The  lower  curve  in  Figure  9  shows 
similar  results  for  calculations  with  t  equal  to 
ten  microseconds.  In  this  case,  N3  is  less  than 
one,  and  the  temperatures  are  relatively  low  un¬ 
til  the  cavity  size  reaches  400  microns.  At  that 
point,  both  Nj  and  N2  become  greater  than  one; 
overshoot  occurs,  and  high  temperatures  are 
achieved. 

(4)  Heat  conductivity.  Khasainov  (6)  noted 
that  heat  conductivity  did  not  significantly  af¬ 
fect  the  temperature  achieved  unless  the  cavi¬ 
ty  size  was  less  than  one  micron.  He  noted  that 
the  characteristic  time  for  the  cooling  of  the  sur¬ 
face  of  a  sphere  is 

tc  =  A-'eC/K.  (25) 

where  A  is  cavity  radius,  Q  is  density,  C  is  heat 
capacity,  and  K  is  heat  conductivity.  For  a  one 
micron  cavity,  tc  is  of  the  order  of  ten 
microseconds,  and  for  bigger  cavities  it  in¬ 
creases  rapidly.  We  have  already  seen  that  tv 
is  of  the  order  of  one  microsecond  when  the 
pressure  is  0.4  GPa  and  the  viscosity  is  1000 
poise.  Thus  cavity  collapse  should  be  complete 
before  heat  conduction  can  significantly  affect 
the  results.  In  the  calculations  which  we  have 
performed,  with  cavities  in  the  range  of  1  to 


1000  microns,  we  have  seen  no  effect  due  to  heat 
conductivity  unless  gas  compression  was  a  ma¬ 
jor  contributing  mechanism  (this  will  be  dis¬ 
cussed  in  the  next  section). 

(5)  The  effect  of  yield  strength  and  initial  gas 
pressure.  Yield  strength  (Y)  and  the  initial  gas 
pressure,  Pg0,  in  the  cavity  affect  the  results  in 
a  way  that  may  seem  surprising.  Although 
there  are  exceptions,  high  strength  generally 
reduces  the  temperature,  sometimes  markedly 
so.  The  results  of  some  calculations  demonstrat¬ 
ing  this  are  shown  in  Table  II.  The  effect  of  high 
strength  is  to  shift  the  dissipation  from  viscous 
to  plastic  forces  and  to  increase  the  final  radius 
of  the  cavity.  Both  of  these  effects  are  desen¬ 
sitizing.  Higher  values  for  the  initial  gas 
pressure  are  desensitizing  for  the  same  reason. 
The  effect  of  initial  gas  pressure  in  two  pairs 
of  calcuations  is  shown  in  Table  III.  The  calcula¬ 
tions  on  the  last  two  lines  of  Table  III  are  cases 
where  gas  phase  heating  contributed 
significantly  to  the  result,  but  even  here  a  lower 
gas  pressure  produced  a  higher  temperature. 

(6)  The  effect  of  melt  point  and  the  temperature 
dependence  of  viscosity.  The  calculations  shown 
so  far  all  used  the  constant  viscosity  model  and 
a  melt  point  of  353  °K.  Varying  the  melt  point 
and  using  the  variable  viscosity  model  (equation 
14)  have  some  interesting  effects  on  the  results. 
When  the  constant  viscosity  model  is  used  and 
N3«l,  inviscid  plastic  work  dominates,  and 
the  temperature  is  limited  to  the  melt  point. 
With  the  constant  velocity  model  and  N3  »1, 
viscous  effects  dominate,  and  the  temperature 
is  not  affected  much  by  melt  point.A  better 
understanding  of  the  real  effect  of  melting  is 
probably  provided  by  the  variable  viscosity 


TABLE  II 

Effect  of  Strength  on  Computed  Temperature. 

The  applied  pres  ure  is  0.4  GPa  and  the  viscosity  is  1000  poise 


Cavity  Size 
(microns) 

Rise  Time 
(microseconds) 

Yield  Strength 
(GPa) 

Gas  Phase  Heat 
Conductivity 
joule 
m°C 

Computed 

Temperature 

(°K) 

400 

10 

0.07 

0 

749 

10 

0 

976 

1000 

100 

360 

100 

687 

1000 

100 

484 

1000 

100 

898 

75 


TABLE  III 

Effect  of  Initial  Gas  Pressure 

The  applied  pressure  is  0.4  GPa,  the  viscosity  is  1000  poise,  and  the  yield  strength 

is  0.07  GPa 


Cavity  Radius 
(microns) 

Rise  Time 
(microsec) 

Gas  Phase  Heat 
Conductivity 
ioule 
muC  sec 

Initial  Gas 
Pressure 
(atm) 

Maximum 

Temperature 

(°K) 

400 

10 

0 

0.0001 

1773 

400 

10 

0 

1.0 

749 

1000 

100 

33X103 

0.01 

635 

1000 

100 

33X103 

1.0 

484 

TABLE  IV 

Calculations  Where  Gas  Phase  Heating  Was  Important 


Cavity 

Radius 

(micron) 

Rise 

Time 

(microsec) 

Viscosity 

(Poise) 

Yield 

Strength 

(GPa) 

Pressure 

(GPa) 

Gas  Phase  Heat 
Conductivity 

103  joule 
m°C 

Max. 

Temp. 

(°K) 

1000 

100 

1000 

0.07 

0.4 

0 

687 

1000 

100 

1000 

0.07 

0.4 

33 

898* 

1000 

100 

1000 

0.7 

0.4 

0 

463 

1000 

100 

1000 

0.7 

0.4 

33 

635* 

400 

100 

1000 

0.7 

0.4 

0 

361 

400 

100 

1000 

0.7 

0.4 

33 

505* 

400 

100 

** 

0.7 

0.8 

0 

375 

400 

100 

** 

0.7 

0.8 

33 

656* 

*  Temperature  was  still  rising  when  calculation  was  stopped. 

**  Calculations  used  the  variable  viscosity  model  described  earlier 


model  which  allows  for  a  reduction  of  viscosity 
as  well  as  yield  strength  upon  melting.  Figure 
10  shows  a  comparison  of  the  maximum 
temperature  computed  with  the  variable  and 
constant  viscosity  models.  The  temperature  is 
plotted  as  a  function  of  cavity  radius  for  a  case 
where  P=G.4  (5  Fa,  r=0.1  microsecond,  and 
Y=0  07  (IFa.  With  the  constant  viscosity 
model,  Nj»l,  viscous  effects  are  dominant, 
and  the  temperature  is  relatively  high  for  all 
radii.  When  the  variable  viscosity  model  is  used, 
the  computed  temperatures  are  much  lower 
(approaching  the  melt  point)  for  small  cavities, 
but  they  are  quite  large  for  big  cavities  and  may 
even  exceed  those  computed  with  the  constant 
viscosity  model.  With  the  variable  viscosity 
model,  melting  reduces  the  viscosity  and 
reduces  the  heating  as  long  as  the  pressure  in 
the  vicinity  of  the  cavity  (where  the  deforma¬ 
tion  is  concentrated)  is  low.  However,  in  the 


final  stage  of  cavity  collapse,  the  pressure  may 
rise,  and  this  will  increase  the  viscosity  and  the 
rate  of  heating.  For  small  cavities,  where  pres¬ 
sure  amplification  does  not  occur,  melting  tends 
to  be  strongly  desensitizing  when  the  variable 
viscosity  model  is  used.  With  large  cavities, 
melting  may  make  overshoot  more  likely,  by 
reducing  viscosity  (and  thus  increasing  N2).  In 
this  case  the  variable  viscosity  model  may  give 
higher  temperatures  than  does  the  constant 
viscosity  model.  However,  the  most  important 
observation  is  that  melting  can  be  strongly 
desensitizing  for  small  cavities  (of  the  order  of 
4  micrcns  or  less). 

GAS  PHASE  HEATING 

With  the  exception  of  the  last  two  lines  of 
Tables  II  and  111.  gas  phase  heating  con¬ 
tributed  a  negligible  amount  to  all  of  the  calcula¬ 
tions  discussed  so  far.  This  was  demonstrated 
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by  running  the  calculations  with  the  gas  phase 
heat  conductivity  set  equal  to  zero  as  well  as 
to  the  value  specified  in  Table  I.  However,  in 
some  cases,  the  gas  phase  heating  can  have  a 
significant  or  dominant  effect.  The  conditions 
under  which  gas  phase  heating  is  dominant  are 
relatively  large  cavity  size  (so  the  gas  will  con¬ 
tain  enough  heat  energy  to  affect  the  solid 
significantly),  long  rise  time  or  low  viscosity 
(otherwise  viscous  effects  dominate),  and  a  melt 
point  below  the  ignition  temperature  (to  sup¬ 
press  inviscid  plastic  work  effects).  When  all  of 
these  conditions  are  met,  gas  phase  heating  can 
be  dominant.  Some  cases  where  gas  phase 
heating  was  important  are  shown  in  Table  IV, 
and  the  importance  of  cavity  radius  in  this 
mechanism  is  shown  in  Figure  11.  However,  in 
the  context  of  this  model  it  was  difficult  to  find 
cases  where  gas  phase  heating  v/as  dominant, 
because  the  available  energy  was  usually 
dissipated  largely  in  the  solid  phase  by  viscous 
or  plastic  forces.  In  situations  where  cavity  col¬ 
lapse  can  occur  without  deformation  of  the  solid 
(for  instance,  gap  at  the  base  of  an  artillery 
shell),  gas  phase  heating  will  be  much  more  im¬ 
portant.  Starkenberg  has  shown  that  a  pressure 
of  0.15  GPa  applied  to  a  planar  gap  of  0.5  mm 
can  cause  ignition  in  composition  B 

CONCLUSIONS 

High  temperatures  may  be  produced  in  the 
vicinity  of  a  collapsing  cavity  by  viscoplastic 
work,  plastic  work,  hydrodynamic  compression, 
or  gas  phase  heating.  We  have  presented  an 
analysis  of  the  conditions  where  each 
mechanism  will  occur.  Viscoplastic  work  is  by 
far  the  most  efficient  mechanism  for  producing 
high  temperatures,  and  it  is  favored  by  high 
viscosity,  low  yield  strength,  and  short  rise 
times.  Using  best  guess  estimates  of  viscosity 
(1000  poise)  and  yield  strength  (0.035  GPa),  and 
considering  pressures  in  the  range  of  0. 1  to  2.0 
GPa,  viscoplastic  work  will  dominate  when  the 
rise  time  is  less  than  5  to  20  microseconds.  The 
hydrodynamic  mechanism  occurs  when  the 
parameters  Nj  and  N2,  discussed  earlier,  are 
both  greater  than  one.  This  mechanism  is  prob¬ 
ably  never  required,  because  other  effects 
(viscoplastic  heating)  occur  at  the  same  time. 
For  a  !00  micron  cavity,  and  using  best  guess 
estimates  of  yield  strength  and  viscosity,  the 
hydrodynamic  mechanism  will  occur  when  the 


pressure  is  greater  then  0.4  GPa  and  when  the 
rise  time  (for  a  0.4  GPa  pulse)  is  less  than  about 
8  microseconds.  Smaller  cavities  require  shorter 
rise  times  and  higher  pressure.  Inviscid  plastic 
work  (as  distinct  from  vise  oplastic  work)  can 
cause  ignition  only  if  the  melt  point  is  higher 
than  the  ignition  temperature.  Gas  phase 
heating  is  generally  not  a  dominant  effect  in  the 
context  of  this  model,  because  the  available 
energy  is  dissipated  by  viscous  or  plastic  forces 
rather  than  in  the  gas  phase.  It  can  be  impor¬ 
tant  for  large  cavities  and  relatively  long  rise 
times  (which  suppresses  other  mechanisms).  If 
cavity  closure  can  occur  without  deformation 
of  the  solid  (as  in  a  planar  gap),  the  gas  phase 
mechanism  will  be  more  important. 

In  the  context  of  this  model,  cavity  size  and 
pressurization  rate  both  have  a  strong  effect  on 
the  temperature  which  many  be  achieved. 

The  effect  of  some  material  properties  on  the 
temperature  achieved  is  as  follows.  High 
strength  is  almost  always  desensitizing.  High 
viscosity  is  sensitizing.  A  low  melt  point  can  be 
either  sensitizing  or  desensitizing  depending  on 
conditions,  but  for  small  cavities  (a  few  microns) 
it  is  significantly  desensitizing.  Heat  conduc¬ 
tivity  is  important  only  for  very  small  cavities 
(less  than  a  micron)  or  for  situations  where  gas 
phase  heating  is  important.  These  conclusions 
apply  only  for  the  cavity  collapse  mechanism 
and  may  not  be  extrapolated  to  other  situations. 
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Fig  ia.  The  radial  velocity  of  two  collapsing 
cavities  is  shown  as  a  function  of  time;  T —10 
microseconds;  Y=0.07  GPa,  and  p  =  1.0  poise 
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Fig.  lb.  P*,  +  Pi>H  is  shown  as  a  function  of  time 
for  the  same  two  calculations  shown  in  Figure 
la 
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Fig.  2a.  Pg+P(,„  and  radial  velocity  are  shown 
as  functions  of  time,  for  a  calculation  with 
A  =  100  micron,  Y=0.035  GPa,  t= microsecond, 
and  p—1000  poise 
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Fig  2b  Pj,  +  P  and  radial  velocity  are  shown 
as  functions  of  time  fora  calculation  identical 
to  Figure  2a,  except  p-  200  poise 
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Fig  3  The  A\  =  1  is  plotted  for  the  case  u  here 
Y— 0.035  GPa  and  Q—  l  6 


y.  *  10004  POISE  AMO  f^l.% 


PRESSURE  (kbar) 


Fig.  4.  The  curve  N2=l  is  plotted  for  the  case 
where  p=  1000  poise  and  Q—1.6 
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Fig.  5.  Energy  di..:.:pated  at  a  cavity  is  shown 
as  a  function  of  rise  time  for  a  calculation  with 
P—0.4  GPa,  A  =40  micron,  Y—0.07  GPa,  and 
p=  1000  poise 
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Fig.  6.  The  maximum  temperature  is  plotted  as 
a  function  of  the  rise  time  for  a  case  inhere 
P—0.4  GPa,  A— 40  microns,  Y—0.07  GPa,  and 
p  —  1000  poise 
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CONSTANT  VISCOSITY  MODEL 
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Fig.  7.  Temperature  as  a  function  of  viscosity 
for  two  calculations  withA=40  micron,  Y—0.07 
GPa  and  P=0.4  GPA.  For  dotted  curve  t =1 
microsecond;  for  the  solid  curve  7=10 
microsecond 
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Fig.  8.  The  curve  N3=  l  is  plotted  for  the  case 
where  Y =0.035  GPa  and  p=  1000  poise 
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Fig.  10.  Comparison  of  the  maximum 
temperature,  computed  as  a  function  of  cavity 
radius,  using  the  constant  and  variable  viscosi¬ 
ty  models.  P=0.4  GPa,  7=0.1  microsecond,  and 
Y=0.07  GPa 


Fig.  11.  The  maximum  temperature  produced 
in  the  solid  due  to  gas  phase  heating  as  a  func¬ 
tion  of  cavity  radius 


Fig.  9.  The  maximum  temperature  is  plotted  as 
a  function  of  the  cavity  radius  for  two  cases 
where  P=0.4  GPa,  p=1000  poise,  and  Y=0.07 
GPa  For  the  htted  curve  7=0.1  microsecond; 
for  the  solid  curve  7=10  microsecond 
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We  formulate  a  reactive  flow  Lagrange  analysis  technique  in  which 
the  only  data  required  are  that  from  the  EMV  gauge  measurements 
instead  of  from  both  velocity  and  stress  gauge.  The  one  dimensional 
planar  shock  initiation  of  BH-1  explosive,  a  formulation  containing 
mainly  RDX,  has  been  investigated.  The  particle  velocity  history  is 
measured  by  EMV  gauges.  The  Hugoniot  of  the  explosive  and  its 
reaction  rates  are  obtained. 


INTRODUCTION 

Fowles  and  Williams  U)  introduced  in  1970 
the  Lagrange  analysis  for  analyzing  data  from 
a  series  of  embedded  gages  in  a  material 
through  which  one-dimensional  stress  waves  are 
passing.  Cowperthwaite  and  Williams  (2)  pro¬ 
vided  a  generalization  of  the  Fowles-Williams 
method.  Grady  (31  used  this  method  and  in¬ 
troduced  in  1973  the  concept  of  the  path  line  as 
an  aid  in  computing  derivatives  needed  for  at¬ 
tenuating  flow.  Later  a  method  has  been 
developed  by  Seaman  i4),  which  is  applicable  to 
arbitrarily  complex  materials  undergoing  multi¬ 
ple  waves  and  attenuation  using  the  path  line 
technique. 

Multiple  Lagrange  gage  studies  in  reactive 
systems  with  direct  analysis  were  done  by 
Cowperthwaite  (5,6),  Wackerle  (7),  Drernin  (8) 
and  others.  Vantine  et  a!.  (9)  formulated  a 
reactive-flow-Lagrange-analysis  (RFLA)  tech¬ 
nique  in  which  the  derivatives  needed  are 
estimated  by  path  line  procedures.  The  accuracy 
of  the  RFLA  using  perfect  gage  records  and  its 
sensitivity  to  gage  placement  and  to  errors  in 
the  gage  records  were  discussed.  A  set  of  parti¬ 
cle  velocity  records  and  a  pressure  record  are 
needed  as  input  for  the  analysis  of  a  reactive 
system  of  known  constitutive  relationship.  Nutt 
and  Erickson  (10)  obtained  with  RFLA  the 
chemical  reaction  progress  during  the  shock  in¬ 
itiation  of  explosive  RX-26-AF  which  is  a  plastic- 


bonded  explosive  with  46.6%  TATB  and  49.3% 
HMX.  The  results  show  a  two-stage  reaction 
possibly  associated  with  the  different  reaction 
rates  of  HMX  and  TATB.  In  a  study  of  shock 
initiated  pressed  TNT  with  RFLA  technique, 
Huan  and  Xue  111)  found  that  there  is  an  en¬ 
dothermic  process  after  the  leading  shock  and 
chat  the  chemical  behavior  or  pressed  TNT  is 
somewhat  Different  from  that  of  cast  TNT  (8). 

In  this  paper  the  RFLA  technique  is  used  to 
study  the  initiation  characteristic  of  a  plastic 
bonded  hexogen  composition  BH-1.  We  use  on¬ 
ly  a  set  of  particle  velocity  records  as  input  for 
the  analysis.  The  principal  difficulty  in  the  use 
of  particle  velocity  histories  alone  arises  in  the 
computation  of  pressure.  We  use  the  method  of 
inversion  of  the  equation  for  particle  velocity, 
which  is  developed  by  Seaman  (4),  with  some 
modifications  which  will  be  discussed  later. 
Hugoniots  of  BH-1  are  also  obtained  with  the 
EMV  gages  only. 

MODEL  FOR  REACTION  RATES 

The  shocked  reacting  explosive  model 
developed  by  Cowperthwaite  (12)  is  used  here. 
Based  on  the  idea  that  reaction  starts  in  hot 
spots  and  then  propagates  into  the  bulk  of  the 
explosive,  the-  explosive  and  its  reaction  pro¬ 
ducts  are  treated  as  a  mixture  of  phases  that 
attains  mechanical  but  not  thermal  equilibrium. 
It  is  assumed  that  only  explosive  molecules 


surrounding  the  reaction  sites  receive  the  reac¬ 
tion  heat  and  no  appreciable  amount  of  heat  is 
transfered  into  the  bulk  of  the  explosive.  The 
explosive  is  compressed  or  released  isentropical- 
ly  as  reaction  proceeds.  It  is  also  assumed  that 
the  relative  composition  of  the  reaction  pro¬ 
ducts  is  constant  along  a  particle  path. 

Here  we  use  a  simplified  Gruneisen  equation 
of  state  (13)  to  describe  the  explosive. 

Px  (Qx  —  pxo)  "b  (y-l)Gxex  (i) 

The  y  is  related  with  the  slopes  in  the  Hugoniot 
equation 

y  =  4s  -  2  (1-  -^)s2  -  1  (2) 

Qxo 

The  detonation  products  are  assumed 
polytropic  with  a  constant  k, 

ei)  =  r~ T  Ppvp 
1  k-1  p  p  (3) 


In  above  equations,  p-pressure,  Q-  density,  v- 
specific  volume,  e-specific  energy  internal.  The 
underscripts  x  and  p  stand  for  explosive  and 
products  respectively.  c0  is  the  sound  speed  of 
explosive  at  normal  condition  with  density  p0. 

It  is  assumed  that  the  explosive  and  the  pro¬ 
ducts  are  in  mechanical  equilibrium,  therefore 
Px  =  Pp  =  P  W 

Consistent  with  the  picture  given  above, 
following  relationships  are  obtained  to  calculate 
the  reaction  extent  along  a  particle  path. 

*  =  161 

vxr  =  I(Sx)/(p  +  )  (7) 

The  reaction  rate  along  a  particle  path  may 
be  calculated  with  the  following  relationships. 


lift-  (b,?u  .13  -V.cv.yA, 


k  ~  1  r\, 

kp 


B  =1(1  -  A>vx-v|/kp  -U-AlvJ'Vyus  ,1111 


Here,  q  is  the  heat  of  reaction.  I(SX),  the  in¬ 
tegration  constant,  is  only  related  with  the  en¬ 
tropy  of  explosive  Sx. 

Lagrange  Analysis  of  the  Particle 
Velocity  Histories 

The  basic  equations  upon  which  the  Lagrange 
analysis  rests  are  the  conservation  laws  in 
Lagranginn  coordinates. 


Or)-^^0 

(12) 

(13) 

(14) 

For  known  particle  velocity  data,  Eq.  (13)  can 
be  integrated  to  obtain  an  expression  for  the 
pressure: 

p2  =  Pi  -  eJh2  (4^)hdh  <l5> 

»l  v  0  t 

Here  pt  and  p2  are  at  the  same  time  but  at  dif¬ 
ferent  Lagrange  positions  hj  and  h2.  From  Eqs. 
(12)  and  (14),  we  get: 


=v'+vC(ln)‘dt 

(16) 

(17) 

The  partial  derivatives  (|^)t  and  (jy)h  needed 
to  evaluate  the  integrals  in  above  three  equa¬ 
tions  are  estimated  from  the  particle  velocity 
records  by  path  line  procedures  where  a  new 
time  coordinate  j  is  introduced.  Curves  of  con¬ 
stant  j.  called  path  lines,  are  generated  from 
points  on  the  gage  histories.  The  partial  de¬ 
rivatives  (|jj)t  and  can  now  be  obtained 
at  any  point  on  the  path  line  if  we  expand  it  in 
terms  of  the  total  or  directional  derivative  along 
the  path  line  and  a  partial  derivative  along  the 
gage  line. 


The  total  derivatives,  on  the  right,  are  obtained 
by  fitting  the  velocity  and  time  data  to  func¬ 
tions  of  h  on  each  path  line.  Fitted  functions 


«4 


are  used  to  obtain  derivatives  only  and  quanti¬ 
ties  other  than  derivatives  (e.g.,  u,  p,  and  t)  are 
taken  directly  from  the  data,  not  from  the  fit¬ 
ted  functions. 


In  the  computation  of  pressure,  we  use  the  ap¬ 
proach  suggested  by  Seaman  (4),  with  the  inver¬ 
sion  of  equation  for  particle  velocity  and  addi¬ 
tion  of  a  restraint.  The  differentiations  are 
denoted  by  subscripts  h  and  t,  and  h  is  a  total 
derivative  and  t  a  partial  derivative.  It  is  as¬ 
sumed  that  we  can  always  fit  the  pressure 
points  along  che  path  line  with  a  cubic  or  lower 
order  function,  therefore  phhtin  vanishes. 


From  Eqs.  (13)  and  (19),  we  get 

Pt  =  (Ph  +  e0ut)/fch  <2°) 

By  integration  of  Eq.  (20)  over  a  time  step  of 
At=t2— tj,  the  pressure  at  the  time  t2  is 
obtained: 

P2  =  Pi  +  “  +  “(Ph2  +  Phl>  7-  <21> 

For  the  integration  all  terms  have  been  treated 
as  either  constant  or  linearly  varying  over  the 
time  step.  The  A  signifies  a  difference  taken  in 
the  direction  of  increasing  time,  Au=u2— Uj. 
Quantities  that  are  not  subscribed  with  a  1  cr 
2  should  be  taken  as  average  over  the  time  in¬ 
terval.  At  any  step  in  the  calculations,  the 
pressure  quantities  with  a  subscript  of  1  are 
known,  so  the  only  unknowns  are  p2,  pil2  etc. 


lhe  I’|(2  is  obtained  with  the  following 
equation: 


n.  —  Tn  (\  -^  +  ChhaL  + 

ph2  [Phi  (  2U  2th 
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,  Obf 


x[l  -  f  3tW'At  -  +  Ath  _  tlviiAtAtit  1  - 1 

L  2th  ~ 2th  4tjT  2?h  ~2tT  J 

(22) 


In  deriving  Eq.  (22),  it  is  assumed  that  all 
derivatives  higher  than  third  order  equal  to 
zero,  whereas  in  the  work  of  Seaman  (4)  pWlhh  is 
not  reserved.  This  is  a  necessity  in  studying  the 
initiation  process  of  explosives,  otherwise  large 


errors  will  be  resulted  in  neglecting  the  third 
order  derivatives. 

The  starting  step  in  our  analysis  is  to  fit  a 
cubic  spline  to  each  measured  particle  velocity 
record.  The  purpose  of  this  step  is  to  eliminate 
the  disturbance  due  to  random  factors.  Care  is 
taken  in  choosing  knots  at  similar  features  like 
the  peak  or  point  of  inflection.  The  u-h  and  p-h 
path  lines  are  constructed  through  correspond¬ 
ing  knots  of  each  cubic  spline  and  fitted  with 
least  square  quadratic,  whereas  the  p-h  path 
lines  are  fitted  with  least  square  cubic.  The  first 
t-h  path  line  is  a  quadratic  approximation  to  the 
shock  trajectory.  A  total  of  100  pathlines  has 
been  constructed.  The  pressure  is  computed 
with  Eqs.  (21)  and  (22).  Finally,  the  specific 
volume  Vj  and  the  specific  energy  e;  could  be  ob¬ 
tained  along  the  i-th  gage  line. 

EXPERIMENTAL  PROCEDURE  AND 
RESULTS 

Hugoniot 

The  EMV  gages  are  made  from  copper  foils 
with  an  active  element  10  mm  long,  2.5  mm  wide 
and  20  pm  thick.  The  BH-1  explosive  is  press¬ 
ed  to  a  density  of  1.70  ±  0.005  g/cm3,  in  the 
shape  of  a  slab  with  a  length  of  40  mm,  a  width 
of  10  mm  and  different  thickness.  The  ex¬ 
perimental  assembly  is  shown  in  Fig.  1.  The 
gage  is  orientated  in  the  experiment  so  that  the 
active  element  is  perpendicular  to  the  direction 
of  the  magnetic  field. 


Fig.  1.  Schematic  of  experimental  assembly 

We  use  the  method  developed  by  Liang  and 
Zhao  (14)  to  measure  the  particle  velocity  and 
the  shock  wave  velocity  with  the  same  loop.  At 
the  position  hk,  the  particle  velocity  uk  can  be 
calculated  with  the  relationship  uk=£k/BL, 
where  £k  is  the  corresponding  output  voltage, 
B  is  the  intensity  of  the  magnetic  field  and  L 
is  the  length  of  active  element.  With  an  initial 
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TABLE  1 

Summary  of  Hugoniot  Data  for  Explosive  BH-1 


h,  mm 

Shock  Arriving  Time 
ps  Std.  aev.,  % 

Shock  Front 
Particle  Velocity 
mm/ps  Std.  dev.,  % 

0 

0 

0.46 

3.6 

2 

0.56 

0.8 

0.72 

3.7 

4 

1.02 

0.9 

1.05 

3.7 

6 

1.40 

1.0 

1.45 

3.8 

8 

1.69 

1.0 

1.98 

3.9 

TABLE  2 

Summary  of  RFLA  Data  and  Results  for  Explosive  BH-1. 


h 

mm 

Shock  Arriving 
Time 

ps  Std.  dev.,% 

Particle 

Velocity 

mm/ps 

Shock  Front  Parameters 
Specific 
Pressure  Volume 

GPa  cnP/g 

Specific 

Energy 

KJ/g 

0 

0 

0 

0.40 

2.125 

0.513 

0.0809 

2 

0.64 

0.9 

0.40 

2.158 

0.512 

0.0822 

4 

1.27 

1.0 

0.41 

2.190 

0.511 

0.0843 

6 

1.91 

1.1 

0.42 

2.236 

0.510 

0.0875 

shock  of  2.6  GPa,  the  experimental  data  are 
shown  in  Table  1.  From  these  data,  a  Hugoniot 
is  obtained  as  follows: 

D  =  2.363  +  1.871u  +  0.338uJ  +  0.07u3  (23) 

It  is  a  Hugoniot  of  partially  reacting  explosive. 
If  plotted  in  the  p-u  plane  as  shown  in  Fig.  2, 
the  shock  increase  curve  passes  the  C-J  point 
obtained  by  Zhao  and  Huang  (15). 

Reaction  Rates 

In  the  experiments  for  RFLA  to  obtain  the 
reaction  rates,  separate  loops  are  used  at  four 
Lagrangian  positions,  namely  h=0,  2,  4,  6mm. 
The  input  shock  wave  characteristics  are 
monitored  by  the  EMV  gage.  The  explosive 
BH-1  is  initiated  with  an  attenuating  shock 
wave  with  an  initial  pressure  about  2  GPa.  Ex¬ 
perimental  data  are  shown  in  Table  2. 

Results  of  the  RFLA  are  shown  in  Figs.  3-8. 
In  the  calculation,  the  sound  speed  in  the 
unreacted  BH-1  is  taken  as  2.8  mm/ps  and  the 
y  in  Eq.  (1)  has  the  value  of  2.1. 

DISCUSSION 

The  mechanism  of  initiation  with  a  low  pres- 


Fig.  2.  Shock  increase  curve  of  pressed  BH-1 
explosive. 

sure  (2  GPa)  attenuating  shock  wave  is  some¬ 
what  different  to  that  with  a  typical  square 
wave.  The  shock  front  particle  velocities  change 
very  little  and  the  peak  value  of  particle  veloci¬ 
ty  increases  slowly  In  the  interval  of  h=0  to 
h=6inm.  In  this  case,  there  is  only  a  small 
amount  of  explosive  decomposed  at  the  shock 
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Fig.  3.  Particle  velocity  histories  of  BH-1  at 
Lagrange  positions  of  0,  2,  4,  and  6  mm. 


Fig.  4.  Pressure  histories  of  BH-1  at  Lagrange 
positions  of  0,  2,  4  and  6  mm. 


Fig.  6.  Specific  energy  histories  of  BH-1  at 
Lagrange  positions  of  0,  2,  4,  6  mm. 


Fig.  7.  Reaction  extent  histories  of  BH-1  at 
Lagrange  positions  of  0,  2,  4  and  6  mm. 


87 


Fig.  5.  Specific  volume  histories  of  BH-1  at 
Lagrange  positions  of  0,  2.  4  and  6  mm. 


Fig.  8.  Reaction  rate  histories  of  BH-1  at 
Lagrange  positions  of  0,  2,  4  and  6  mm. 


front.  The  chemical  reactions  behind  the  shock 
front  are  r^ponsib it  tor  the  later  growth  of  the 
shock  wave. 

It  could  be  seen  from  the  Fig.  8,  that  the  reac¬ 
tion  rate  for  any  Lagrange  position  is  relative¬ 
ly  slow  in  the  beginning,  then  the  reaction 
speeds  up  and  reaches  a  maximum.  At  the  end 
of  reaction,  the  rate  drops  rapidly  to  zero. 

The  RFLA  technique  outlined  in  this  paper, 
using  only  particle  velocity  profiles  in  the  study 
of  shock  initiation  process  of  a  real  explosive, 
might  have  the  advantages  of  being  drift  free 
and  not  requiring  a  pressure  history  anywhere 
in  the  flow.  If  it  is  standardized,  this  technique 
could  be  used  as  a  safety  test  for  new  explosives 
or  new  compositions. 

The  accuracy  of  the  RFLA  method  used  here 
has  been  tested  with  similarity  solution  (9).  At 
the  Lagrange  position  h=2  mm,  when  there  is 
1%  error  in  the  particle  velocity  record,  the  er¬ 
rors  in  pressure  and  in  reaction  rate  will  be  2.7% 
and  15%  respectively.  In  our  experiments,  the 
standard  deviation  of  the  measurement  of  par¬ 
ticle  velocity  amounts  3%.  Therefore,  in  this 
study  the  RFLA  could  only  describe  the  global 
reaction  rate  qualitatively.  For  determining 
realistic  rates  in  shocked  explosive,  the  validi¬ 
ty  of  RFLA  to  be  regarded  as  a  quantitative 
tool  must  be  confirmed  in  advance. 
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MEASUREMENT  OF  TWO-DIMENSIONAL  SHOCK  WAVE 
VELOCITIES  AND  A  COMPOSITE  PROBE 


Fu  Xinghai 

Beijing  Institute  of  Technology 
Beijing,  China 


Difficulties  on  measuring  two-dimensional  shock  wave  velocity  are 
discussed.  A  method  of  measuring  shock  wave  form  and  velocity  on 
a  triple  spherical  target  is  described  According  to  the  properties  of 
oblique  shock  waves,  a  formula  for  experimental  data  treatment  has 
been  deduced  by  geometrical  analysis.  A  new  coaxial  composite  probe 
which  can  measure  both  optical  and  electrical  signals  has  been 
developed  Experimental  results  show  that  this  kind  of  probe  is 
favorable. 


INTRODUCTION 

In  most  cases,  the  detonation  and  shock  wave 
are  not  really  one-dimensional,  but  generally 
two  or  three-dimensional.  To  measure  the  veloci¬ 
ty  of  such  shock  waves  is  difficult.  Although  the 
shock  pressure  can  be  measured  by  different 
types  of  pressure  sensors,  and  the  particle 
velocity  may  be  calculated  from  it,  but  these 
sensors  can  only  be  used  in  certain  range  of 
pressures.  In  many  experiments,  these  sensors 
are  not  applicable,  particularly  for  a  spherical 
assembly.  In  this  work  we  use  the  composite 
probes  to  measure  a  two-dimensional  sphercal 
wavs.  A  series  of  probes  are  mounted  at  dif¬ 
ferent  depth  and  angles  with  respect  to  the  axis 
of  symmetry  of  a  spherical  target.  When  a 
shock  wave  reaches  these  probes,  the  time  and 
consequently  the  shock  velocities  can  be  deter¬ 
mined.  According  to  the  properties  of  the  obli¬ 
que  shock  wave,  the  method  of  data  treatment 
of  a  two-dimensional  shock  wave  is  introduced 
and  a  formula  is  deduced. 


study  the  detonation  or  shock  waveforms,  its 
develoment  and  propagation  velocity.  It  is  well- 
known  that  a  waveform  represents  the  arrival 
time  of  a  shock  or  detonation  wave  at  certain 
surface  of  the  experimental  assembly.  These 
waves  may  be  one-dimensional,  two-dimensional 
or  three-dimensional.  Here  only  the  two- 
dimensional  shock  waves  are  discussed.  Fig.  1 A 
shows  a  typical  two-dimensional  spherical 
waveform  where  t  is  the  arrival  time  and  9  is 
the  angle  with  respect  to  the  axis  of  symmetry 
Z  of  a  spherical  target,  (Fig.  IB). 


Fig.  lA.  Two-dimensional  waveform 


In  this  work  we  also  present  a  new  type  of 
coaxial  composite-probe  that  can  obtain  both 
optical  and  electrical  signal  simultaneously.  Ex¬ 
perimental  results  show  that  this  kind  of  probe 
is  quite  favorable. 

PROBLEM  ON  MEASURING  TWO- 
DIMENSIONAL  SHOCK  WAVE 
VELOCITIES 

In  the  detonation  experiments  we  usually 


Fig.  IB.  Spherical  target 
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In  order  to  study  the  wave  propagation  at  any 
point  on  this  wave,  we  may  regard  ab  as  an 
oblique  incident  plane  shock  wave  at  point  A. 
Thus  the  wave  propagation  at  the  point  A  can 
be  illustrated  in  Fig.  2  where  Zi  is  the  radial 
direction  at  that  point  and  ji  represents  the 


a 


Fig.  2.  Travelling  front 

angle  between  the  oblique  shock  wave  ab  and  Zi. 
Dn  is  the  shock  velocity  at^that  point  with  the 
direction  perpendicular  to  ab.  At  instant  t  this 
shock  wave  reaches  a’b'  and  the  point  A  moves 
to  A’.  Because  the  angle  ft  is  unknown,  Dn  can’t 
be  measured  directly.  In  a  spherical  experiment, 
one  can  only  obtain  an  average  velocity  D  by 
measuring  the  shock  arrival  lime  difference  be¬ 
tween  two  corresponding  points  with  the  same 
0  after  the  wave  travels  a  certain  distance  h. 
Fig.  3  shows  two  waveforms  at  different  depth 
of  the  target.  At  the  wave  peak  G,E  and  the 
wave  valley  F,  the  measured  D  is  equal  to  Dn, 
but  at  the  rest  portion  of  the  wave,  D  and  Dn 
are  different.  In  order  to  determine  the  wave 
propogation  direction  fi,  a  method  of  data  treat¬ 
ment  is  introduced  in  this  paper. 


Fig.  3.  Two  waveforms  at  certain  distance  h 

STRUCTURES  OF  THE  SPHERICAL 
TARGET  AND  THE  COMPOSITE  PROBE 

A  triple  target  for  measuring  the  wa  reforms 


and  the  velocities  is  shown  in  Fig.  4.  It  consists 
of  three  spherical  shells:  outer,  intermediate  and 
inner  shell.  There  is  a  small  air  gap  about  0.2mm 
between  each  two  shells  which  emits  strong 
light  during  shock  wave  arrival.  The  outer  thin 
shell  is  used  for  protecting  the  probes  on  the 
intermediate  shell  from  air  shock  wave.  On  the 
intermediate  and  inner  shell  two  series  of  probes 


1.  OUTER  SHBLL  2.  INTERMEDIATE  3HBLL 
3.  INNER  SHBLL  4c  AIR  GAPS 
5.  PROBES 


Fig.  4.  Sketch  diagram  showing  the  spherical 
target 

are  distributed.  The  thickness  of  the  in¬ 
termediate  shell  is  about  1mm.  Dividing  the 
thickness  by  the  time  difference  of  two  cor¬ 
responding  probes  with  the  same  0  on  two 
shells,  one  can  obtain  the  average  shock  veloci¬ 
ty  D  at  that  point.  The  probe  may  either  be  an 
electical  pin  or  an  optical  fiber  pin.  The  shock 
arrival  time  is  detected  by  a  high  speed  streak 
camera  or  an  electrical  oscilloscope.  Fig.  5  is  a 
typical  waveform  obtained  by  a  series  of  optical 
fiber  probes  on  two  shells. 


Fig.  5.  Typical  photograph  of  the  optical  fiber 
probes 

Because  the  strength  and  direction  of  shock 
wave  at  different  part  vary  widely,  loss  of  some 


optical  or  electrical  signals  in  the  experiment  is 
usually  occured.  In  order  to  overcome  this 
demerit,  a  new  coaxial  composite  probe  is 
developed.  Fig.  6  shows  the  construction  of  such 
a  probe.  It  is  made  of  optical  glass  fibers,  cop¬ 
per  pipe,  plexiglas  sheath  and  conducting  wire. 

PLBXIOLAS  THIN  COPPBR 


SHBATH  PIPB 


Fig.  a  Sketch  diagram  of  a  composite  probe 

The  glass  fiber  is  used  as  an  optical  signal 
transmitter.  The  copper  pipe  is  an  electrical  probe 
which  is  used  as  an  electrical  signal  transmit' 
ter.  The  Plexiglas  sheath  is  used  as  an  insu¬ 
lating  sheath  for  the  electrical  probe.  Using  the 
composite  probe,  two  signals,  electrical  and  op¬ 
tical,  can  be  detected  simultaneously.  Thus  a 
whole  shock  waveform  can  be  obtained  com¬ 
pletely  and  the  measuring  accuracy  is  better. 
We  used  such  type  of  probes  and  got  a  good 
result.  Every  pair  of  electrical  and  optical  data 
coincide  each  other  very  well  within  the  ac¬ 
curacy  of  the  measuring  device  about  20ns. 

SHOCK  VELOCITY  TREATMENT 

As  mentioned  above,  in  a  U.o-tLmensionai 
spherical  experiment,  the  experin  -ntal  data 
must  be  treated  in  order  to  get  the  s;  ock  veloc¬ 
ity  Dn.  Here  a  geometrical  analysis  w  il  be  intro¬ 
duced.  Fig.  7  shows  a  part  of  the  spherical 
target  where  A, A,  tre  two  neighboring  measur¬ 
ing  points  on  the  outer  surface  of  the  inter¬ 
mediate  shell  and  B.Bj  are  the  cot  responding 
points  on  the  inner  shell.  0  is  center  of  the 
spherical  assembly.  As  an  oblique  incident  plane 
shock  wave  ab  with  angle  o  reaches  A,  a  signal 
is  obtained  at  time  tA.  This  oblique  shock  wave 
will  propagate  into  the  intermediate  shell  with 
speed  Dn  in  the  direction  perpendicular  to  its 


Fig.  7.  Sketch  diagram  of  the  oblique  incident 
shock  front 

shock  wave  front  AK.  When  it  reaches  probe  B, 
a  second  time  signal  tB  is  obtained.  In  the  small 
air  gap,  the  surface  EEj  moves  in  the  direction 
EB  perpendicular  to  it.  Thus 

fcAB  =  lB  “  fcA  =  — —  +  —  (!) 

Dn  Uf- 


where  Dn  =  Co  +  AUn  (2) 

Uf  =  2Un  (3) 

Co  and  A  are  the  experimental  constants.  From 
Fig.  7  we  also  have 


h2 

(tA1  -  tA)  Dn  -  (0Ap  0A)  Ro  sino  =  0  (5) 

where  tA1  =  tA  may  be  measured  experimental¬ 
ly  and  Ro  is  the  outer  radius  of  the  intermediate 
shell. 

From  the  equations  (l)-(5),  we  find 

<0Ai  +  i  -  0Ai>  <B  +  ^  B2~4tABi  W)  - 
2tABi  Ro  (tAi+i  -tAi)  sino  =  0 
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where 


B  =  tABi  Co  +  h2coso  +  Vi  Ad 


w  =  h2Co  coso 

Using  this  equation,  we  calculated  a  series  of 
Dn  for  a  two-dimensional  shock  wave.  The 
results  differ  from  a  2D  -  theoretical  value  less 
than  5%. 
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RETONATION  PHENOMENON  IN  SOLID  EXPLOSIVES 


Ding  Jing,  Bi  Zhu,  Hu  Dong  and  Deng  Quan-nong 
Beijing  Institute  of  Technology 
P.O.  Box  327,  Beijing,  China 


The  retonation  phenomenon  in  solid  explosives  has  been  investigated 
both  experimentally  and  theoretically.  Different  shock  pressures  are 
created  on  the  surface  of  a  plastic  bonded  HMX  explosive  BO-1  with 
metal  flyers  driven  by  a  plane  wave  generator.  The  manganin  stress 
gage  is  used  to  measure  the  change  of  the  stress  on  the  shocked 
surface.  We  found  that  the  retonation  may  appear  in  the  solid  ex¬ 
plosive  when  the  initial  shock  is  so  weak  that  the  explosive  is  only 
partially  reacted. 


INTRODUCTION 

Retonation  in  gaseous  explosives  has  been 
observed  for  a  long  time  (1-3).  For  the  solid  ex¬ 
plosive,  Cook  (4)  found  in  the  gap  test  that  on 
the  opposite  side  of  the  inert  plate  the  detona¬ 
tion  reformed  in  Comp.  B  at  some  distance  be¬ 
yond  the  plate  and  a  hook  appeared  in  the 
rotating  mirror  streak  photograph.  Johansson 
and  Persson  (5)  conducted  similar  experiments 
and  found  a  returning  detonation  in  PETN  and 
TNT.  Campbell  and  others  (6)  did  not  find 
retonation  happened  in  the  wedge  test  ex¬ 
periments.  Numerous  gap  experiments,  as 
Dremin  (7)  wrote  in  his  book,  using  the  elec¬ 
tromagnetic  method  clarified  that  along  the 
axis  of  the  charge  no  retonation  wave  was 
observed.  It  was  argued  that  the  presence  of  a 
retonation  wave  should  have  been  manifested 
on  the  oscillograms  of  the  mass  velocity  in  the 
form  of  a  sharp  negative  signal.  However,  Fau- 
quignon  (8)  observed  retonation  phenomenon  in 
the  gap  tests  by  the  measurements  of  the 
electro-conductivity.  In  the  initiation  of  covered 
Comp.  B  by  a  metal  jet,  a  retonation  moving 
back  through  the  previously  shocked  explosive 
was  clearly  observed  by  Chick  and  Hatt  (9) 
using  flash  radiography. 

In  this  work  the  retonation  phenomenon  is  in¬ 
vestigated  experimentally  and  also  simulated 
numerically  with  a  one  dimensional  model. 


EXPERIMENTAL 

A  schematic  drawing  of  the  experiment  is 
given  in  Fig.  1.  The  attenuator  is  made  of 
PMMA  10  mm  thick  and  H62  brass  15  mm 
thick.  The  flyer  material  is  either  Ly-12 
duralumin  or  H62  brass.  Explosive  used  in  this 
study  is  a  plastic-bonded  HMX  composition 
BO-1,  which  is  similar  to  PBX  9404  in 
performance. 


Fig.  1.  Experimental  arrangement  of  the  shock 
initiation  of  BO-1  explosive:  1  -  Detonator,  2  - 
Plane  wave  generator,  3  -Attenuator,  4  -  Flyer, 
5  -  Manganin  stress  gage,  6  -  Explosive  sample. 

The  pressure  profile  is  measured  with  an  H 
type  manganin  stress  gage  which  has  a  life  time 
of  4-8  ps.  The  resistance  of  the  manganin  gage 
is  0.2  ohm.  A  teflon  film  0.60  mm  thick  is  used 
as  an  isolating  cover.  A  constant  current  circuit 
is  used  for  measurement  with  a  current  strength 
of  about  6  A.  A  typical  experimental  record  is 
shown  in  Fig.  2. 
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Fig.  2.  Typical  record  of  pressure  profile 
Attenuator  - 10  mm  PMMA  and  15  mm 
H  62  brass 

Flyer  -  Ly-12  duralumin,  1  mm  thick 
Explosive  -  Composition  BO-1 
V:  500  mV/Div.  H:  2  psIDiv. 

Wedge  test  is  performed  to  obtain  distance 
and  time  to  detonation  data. 

Experiments  similar  to  Cook's  gap  test  are 
done  with  both  donor  and  acceptor  of  Comp.  B-3 
and  gap  of  steel  plate.  The  donor  has  a  diameter 
of  41.8  mm  and  the  acceptor  a  diameter  of  100 
mm,  all  20  mm  thick.  At  the  interface  between 
the  gap  plate  and  acceptor,  a  manganin  stress 
gage  is  placed  to  measure  the  pressure  profile. 

NUMERICAL  SIMULATION 

A  one-dimensional  Lagrange  program  CHD-3 
is  formulated  for  the  study  of  the  shock  initia¬ 
tion  mechanism  of  heterogeneous  condensed  ex¬ 
plosive.  (10-12) 

Explosive  initiation  is  described  by  a  nuclea- 
tion  and  growth  rate  law: 

-  r  =  Apmf  +  Bpn(l  -  f)f  (1) 

where  r  is  the  reaction  rate,  f  the  fraction  of  the 
explosive  unreacted,  p  the  pressure  and  A,  B, 
m,  n  are  constants. 

The  Gruneisen  equation  of  state  is  used  to 
describe  the  unreacted  explosive. 


ps 

=  P„  -  rCvs(T— T„)/V s 

(2) 

=  c2(  1  -  Vs)/v(  1  -  s — s  Vs)2 

(3) 

Th 

=  Hj +H2(H3—Vs)/V  aH4 

(4) 

Eh 

II 

I 

?o 

W 

Es 

»  EH+(p8-pH)vs/r 

(6) 

The  Jones  -  Wilkins  •  Lee  equation  of  state  is 
used  to  describe  the  pressure-volume-energy 


behavior  of  the  detonation  products.  For  the 


mixture  of  unreacted  explosive  and  detonation 
product, 

E  =  fEs+(l— f)Eg 

(7) 

V  =  fVs+(l— f)Vg 

(8) 

P  =  P  =  P 

s  rg 

(9) 

In  the  above  equations,  T  -  Gruneisen  coeffi¬ 
cient,  V  -  relative  specific  volume,  T  - 
temperature,  E  -  internal  energy  per  unit 
volume,  Cv  -  specific  heat,  c,  s,  -  Hugoniot 
parameters,  H1(  H2,  H3,  H4  -  constants. 
Subscripts  s  and  g  stand  for  solid  explosive  and 
gaseous  products  respectively.  Subscript  H 
stands  for  Hugoniot. 

Constants  for  PBX-9404  used  in  computation 
are  listed  in  Table  1. 

TABLE  1 


Value  of  Constants  for  PBX-9404 


A 

1.9X103  Ref.  (1) 

B 

24 

m 

3.2 

n 

1.0 

0.852  <V8<1 

Vs<0.852 

H, 

298 

369 

h2 

208.2 

167.06 

h3 

1.0 

0.852 

h4 

5.21 

9.95 

A  method  of  perturbation  accelerate*  has 
been  developed.  It  takes  one  or  two  cycles  only 
to  get  convergence,  so  a  great  deal  of  computer 
time  is  saved. 

The  program  CHD-3  has  been  used  to  com¬ 
pute  the  distance  to  detonation  vs  the  pressure 
for  both  energetic  explosive  like  HMX  and  in¬ 
sensitive  explosive  like  TATB.  Results  coincide 
with  that  obtained  in  wedge  experiments. 

RESULTS  AND  DISCUSSION 

The  behavior  of  PBX-9404  impacted  with  a 
2.3  GPa  shock  is  numerically  simulated.  Profiles 
p-R  and  f-R  at  different  instants  are  shown  in 
Fig.  3. 

As  shown  in  Fig.  3,  from  the  instant  of 
loading,  the  pressure  profile  rises  gradually  with 
time.  At  the  ins*  ant  of  3.28  ps,  a  detonation  is 
initiated  at  R=0.5  cm.  The  explosive  between 
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3a.  Fraction  of  unreacted  explosive  f  vs 
distance  to  loading  surface  R 


3b.  Fressure  P  vs  distance  R. 

Fig.  3.  Numerical  simulation  of  PBX-9404  im¬ 
pacted  with  a  2.3  GPa  shock. 

the  loading  surface  and  R=0.5  cm  reacted  only 
partially  before.  It  decomposes  then  fastly  to 
the  end.  This  is  a  picture  of  the  reaction  taking 
place  in  the  partially  reacted  explosive. 

The  initiation  of  PBX-9404  explosive  by  an 
impact  of  a  low  velocity  thin  flyer  is  numerical¬ 
ly  simulated  with  results  shown  in  Fig.  4. 

The  curves  in  Fig.  4a  indicate  that  although 
the  detonation  initiates  at  a  certain  time  at  dif¬ 
ferent  distances  to  the  loading  surface,  the  rest 
part  of  the  explosive  is  only  partially  reacted. 
In  these  circumstances  a  retonation  will  even¬ 
tually  be  formed  as  shown  in  Fig.  4b  and  Fig. 
4c.  A  pessure  hump  and  a  negative  particle 
velocity  portion  appear  in  respective  figures. 


4a.  Fraction  of  unreacted  explosive  f  vs 
distance  to  loading  surface  R 


The  pressure  profile  record  of  the  explosive 
BO-1  impacted  with  a  flyer  1.02  mm  thick  is 
shown  in  Fig.  5a.  In  Fig.  5b  the  experimental 
record  is  compared  with  the  result  of  numerical 
simulation. 


4c.  Particle  velocity  u  vs  distance  R 

Fig.  4.  Numerical  simulation  of  the  initiation  of 
PBX-9404  explosive  with  impact  of  a  copper 
flyer  1.1  mm  thick  with  a  velocity  of  0.75  mm/p s. 
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Fig.  5a.  Record,  of  pressure  profile  in  explosive 
BO-1 

V:  500  m  V/div. 

H:  2  ps/di  v. 


Fig  5b  Result  of  numerical  simulation 
F.x plosive  -  PBX-IM04 
Flyer  ■  copper.  1mm  thick 
Impact  velocity  •  0.79  mm  ps 

Under  the  experimental  condition  of  a  sus¬ 
tained  loadii  g.  there  is  no  fore  mentioned  se¬ 
cond  press  are  pulse  on  the  loading  surface 
delected  by  the  manganin  stress  gage  as  shown 
in  Fig.  6.  In  the  numerical  simulation  of 
PBX-940<<  impacted  by  a  15  mm  thick  copper 
flyer  with  an  initial  impact  pressure  of  3.44 
(5  Pa,  there  is  also  no  indication  of  the  presence 
of  any  retonation.  However,  we  do  find  that  the 
retonation  appears  in  the  numerical  simulation 
of  explosive  PBX-9404  preshocked  by  a  1  mm 
plexiglas  flyer  and  then  weakly  impacted  by  a 
15  mm  thick  brass  flyer. 

In  experiments  similar  to  SPHF  initiation 
method  of  Cook  (4).  no  backward  pressure  jump 
in  Comp.  B-3  is  registered  by  the  manganin 
stress  gage  (Fig.  7).  The  same  is  the  result  of 
numerical  simulation.  The  initiation  takes  place 
not  at  the  surface  of  the  gap  plate  but  at  cer¬ 
tain  depth  in  the  acceptor.  A  divergent  detona¬ 
tion  with  its  center  at  the  place  of  initiation 


arrives  at  the  surface  of  the  explosive  cylinder 
and  the  detonation  light  will  move  both  upward 
and  downward  along  the  lateral  surface.  The 
hook  observed  by  Cook  with  streak  camera  is 
not  a  retonation. 


Fig.  6.  Record  of  pressure  profile  in  BO-1  ex¬ 
plosive  impacted  by  a  H62  brass  flyer  15  mm 
thick 

V:  500  m  V/div. 

H:  2ps/div. 


Fig.  7.  Gap  test  record  of  Comp.  B-3 
Donor:  0  41.8  X20  mm 
Acceptor:  $  100  X20  mm 
Gap:  0  50X78  mm  steel  plate 

When  the  sample  is  impacted  by  a  thin  flyer, 
the  explosive  between  the  loading  and  the  in¬ 
itiating  surface  is  only  partially  reacted.  The 
detonation  initiated  propagates  forward  into 
the  unshocked  explosive.  At  the  same  time,  the 
detonation  propagates  backward  in  the  shocked, 
partially  reacted  explosive.  This  is  retonation. 

Results  obtained  from  experiments  and 
numerical  simulation  are  listed  in  Table  2.  The 
experimental  data  are  the  average  of  2  to  3 
shots  of  explosive  BO-1.  The  maximum  devia¬ 
tions  in  measuring  the  distance  and  time  to 
detonation  are  0.5  mm  and  0.3  ps  respectively. 
In  measuring  pressure,  the  maximum  deviation 
is  1  GPa.  All  the  theoretical  data  are  the  result 
of  numerical  simulation  of  PBX-9404.  The  com¬ 
position  difference  between  BO-1  and  PBX-9404 
is  responsible  partly  to  the  deviation  between  the 
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TABLE  2 

Data  of  Initiation  and  Retonation 


Flyer 

Material  Thickness 

mm 

Impact 

Pressure 

GPa 

Exp  Cal 

Time  to 
Detonation 
Ms 

Exp  Cal 

Distance  to 
Detonation 

mm 

Exp  Cal 

Retonation 

Time  Pressure 

fus  GPa 

Exp  Cal  Exp  Cal 

Brass  1.02 

Duralumin  1.00 

Brass  15.00 

3.92  3.40 

4.89  4.48 

3.44  3.44 

2.36  2.99 

2.69  2.94 

1.69  1.35 

9.35  10.80 

9.95  12.00 

7.80  6.44 

3.56  3.61  23.5  15.5 

3.78  4.40  21.0  23.3 

No  retonation 

experimental  and  calculated  values.  On  the 
other  hand,  the  stress  gage  used  is  thicker  than 
normal  for  the  purpose  of  keeping  the  gage  in 
good  condition  when  the  retonation  wave  ar¬ 
rives.  A  peak  pressure  lower  than  normal  ic 
reasonable. 

In  their  shock  initiation  experiments  of 
pressed  TNT,  Huan  and  Xue  (13)  found  that 
with  an  initial  shock  of  about  5  GPa,  a  pressure 
hump  was  observed  on  the  initiating  surface  at 
a  time  >  1.5  ps  after  the  initial  impact.  It  was 
also  found  in  the  Lagrange  analysis  that  the 
reaction  extent  curves  cro^s  each  other  as 
shown  in  Fig.  8.  A  point  o»  .uterest  is  that  in 
the  analysis  the  hump  lata  is  not  included  in 
the  input  pressure  history. 


Fifj  $  Rpnrtinn  extent  histories  of  pressed 
TNT  (13) 

1  -  h—0.00  mm  ;  t=0.000  fus 

2  *  h-2.07  mm  ;  t— 0.499  jis 

3  -  h=4,15  mm  ;  t=  0.979  ps 

4  -  h=4.72  mm  ;  t—  1.107  [us 

As  it  could  be  seen  in  Fig.  8,  at  certain  time 
later  than  1.5  us.  the  reaction  extents  of  par¬ 
ticles  3  and  4  are  larger  than  that  of  particles 
1  and  2,  although  later  explosive  particles  have 
been  shocked  for  a  longer  time.  In  this  way  a 
necessary  condition  for  the  appearance  of 
retonation  has  been  provided. 


CONCLUSION 

'he  retonation  mey  be  defined  as  a  detona¬ 
tion  wave  which  propagates  backward  through 
the  partially  reacted  explosive. 

Both  the  results  of  experiment  and  numerical 
calculation  show  that  in  explosive  under  impact 
of  a  thin  flyer  with  a  low  impact  velocity  or  in 
a  preshocked  explosive,  the  retonation  may  ap¬ 
pear  in  general.  While  under  sustained  loading 
or  impact  with  a  thick  flyer,  the  retonation 
might  not  appear. 

The  necessary  and  sufficient  condition  for  the 
occurrence  of  retonation  is  not  quite  sure.  The 
pressure  hump  and  the  negative  particle  veloci¬ 
ty  may  be  considered  as  two  of  the  char¬ 
acteristics  of  a  retonation  process.  The  presence 
of  a  region  of  partially  reacted  or  unreacted  ex¬ 
plosive  in  the  back  of  a  detonation  front  is  one 
of  the  necessary  premises  for  the  happening  of 
retonation. 
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REACTION  RATES  FROM  ELECTROMAGNETIC  GAUGE  DATA 
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The  determination  of  reaction  rates  in  explosives  from  experimental 
data  is  a  task  that  requires  a  great  deal  of  care,  patience,  and  curve 
fitting.  We  have  found  that  by  measuring  more  quantities  than  are 
mathematically  necessary  for  a  complete  Lagrange  analysis,  curve 
fits  to  experimental  data  do  not  have  to  be  as  exacting  as  otherwise 
required.  We  present  an  experimental  technique  specifically  designed 
for  the  determination  of  global  reaction  rates  which  uses  both 
embedded  electromagnetic  impulse  and  particle  velocity  gauges.  The 
methods  used  to  efficiently  analyze  the  data,  and  the  results  and  con¬ 
clusions  reached  from  several  such  studies  are  also  presented 


INTRODUCTION 

The  determination  of  global  reaction  rates 
from  embedded-guage  data  has  been  a  modest, 
but  continuing  effort  at  Los  Alamos  for  nearly 
a  decade  (1-4).  Other  laboratories  have  had 
similar  efforts  (5-7).  The  usual  procedure  is  to 
conduct  one-dimcnsio  lal  experiments  to 
measure,  in  a  sufficiently  reacting  explosive,  the 
pressure-field  history,  p(h,t).  or  particle-velocity- 
field  history,  u(h,t),  or  both,  over  as  large  a 
Lagrangian  distance-time  (h,t)  region  as  prac¬ 
tical.  These  data  are  then  treated  with  a  so- 
called  Lagrange  analysis,  integrating  the  con¬ 
servation  relations  for  momentum,  mass  and 
energy: 


3u  —  _ 

1 

.  Jpl  , 

(1) 

3t 

Qo 

3h 

3  (l/e)  = 
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3u  , 
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3t 

Qo 

3h 

and 

be  =  _  p  dOle)  =  Ju  ,  (3) 

3t  3t  q0  3h 

to  determine  the  density-  and  energy-field 
histories,  p(h,t)  and  e(h,t).  With  these  fields 


known,  an  assumed  reactant-product  equation 
of  state,  p(g,e,A)  or  e(p,g,A)  allows  calculation  of 
the  global  reaction  progress  field,  here  specified 
by  the  mass  fraction  of  products,  A(h,t).  The  time 
derivative  of  this  variable  determines  a  reaction 
rate,  r  =  3A/3t,  which  can  be  correlated  to  the 
other  state  variables  to  postulate,  evaluate  and 
calibrate  “rate  laws”  for  the  explosive. 

In  this  paper  we  describe  electromagnetic 
(EM)  gauging  experiments  specifically  designed 
for  the  determination  of  reaction  rates  in  shocked 
explosives.  Projectiles  from  a  light-gas  gun  are 
used  to  generate  one-dimensional  reactive  flow 
in  high-explosive  targets,  with  impact  velocities 
chosen  so  that  the  explosive  is  building  up  to, 
but  does  not  attain,  detonation  in  the  distance- 

•  ,  _ _ • _  _ _ i  i _ it.  .... - - -  ^  i. «  mi.  - 

unit;  rugum  cuvercu  uy  uie  uicuauiciucata.  me 

explosive  has  a  collection  of  electrical  conduc¬ 
tors  (the  EM  gauge  package)  embedded  in  it  and 
is  surrounded  by  an  external  magnetic  field.  The 
motion  of  the  conductors  in  the  magnetic  field 
generates  a  collection  of  voltages  that  are 
recorded  and  later  used  to  determine  the 
pressure-  and  velocity-field  histories  that 
characterize  the  shock-induced  reactive  flow  in 
the  explosive.  The  gauge  package  we  presently 
use  allows  the  measurement  of  particle  veloci¬ 
ty  and  impulse— the  time  integral  of  the 
pressure— at  five  locations  in  the  explosive.  This 
provides  sufficient  data  to  perform  the  Lagrange 
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analysis  and  rate  determination. 

The  measurement  of  both  velocity  and  im¬ 
pulse  (with  pressure  available  by  time  differen¬ 
tiation)  histories  and  the  sufficiency  of  data 
from  a  single  experiment  are  two  major  advan¬ 
tages  of  our  electromagnetic  gauge  system.  The 
integration  of  Eqs.  (l)-(3)  requires  the  evalua¬ 
tion  of  spatial  gradients  through  a  few  gauge 
locations.  Consequently,  Lagrange  analysis  be¬ 
comes  a  considerable  exercise  in  curve  fitting. 
In  the  earlier  work  (1-3,5),  only  pressure  mea¬ 
surements  were  acquired,  so  that  the  calculated 
density-  and  energy-field  histories  effectively  de¬ 
pend  on  the  curvatures  of  the  functions  fitted 
th.ough  the  data.  With  the  new  system,  single 
app’ications  of  first-order  spatial  derivatives 
suff)  ce  for  all  of  the  analysis.  Investigations  us¬ 
ing  only  pressure  data  required  combining 
results  from  several  different  shot  experiments, 
and  small  shot-to-shot  variations  in  loading  con¬ 
ditions  and  reaction  histories  added  difficulty 
to  the  analyses.  The  new  system  has  jome 
potential  for  further  miniaturization  and  has 
less  problems  with  electrical  breakdown  of 
gauge  insulation  than  encountered  with 
Manganin  pressure  gauges. 

ANALYSIS  OF  THE  GAUGE  RESPONSE 

The  development  of  electromagnetic  particle- 
velocity  gauges  for  shock-dynamic  measure¬ 
ments  is  over  two  decades  old  (8),  and  provided 
the  first  in-material  gauging  of  any  kind  in  reac¬ 
ting  explosives  (9).  The  usual  design  is  sketched 
in  Fig.  1-a.  When  a  shock  has  traveled  from  the 
projectile-target  interface  past  the  line  be,  the 
wire  segment  be  will  be  moving  with  the  local 
particle  velocity  of  the  target  material.  Fara¬ 
day’s  law  gives 

V  =  -  JL  J  BdS 
dt 

for  the  voltage,  V,  produced  in  the  wire,  where 
B  represents  the  magnetic  field  (taken  to  be 
uniform  and  constant  in  the  laboratory,  or 
Eulerian,  reference  frame),  and  the  surface  in¬ 
tegral  includes  the  changing  area,  S,  inside  the 
wire  loop.  Call  x’  the  Eulerian  coordinate  of  the 
wire  segment  be  and  ( the  constant  length  of  the 
segment  be.  Then,  if  B  is  perpendicular  to  the 
plane  of  the  gauge, 

V  =  -  fB  J_fa  dx  =  IB  u.  (4) 
dt  x 


where  u  is  the  velocity  of  the  wire  segment  be. 
Thus  a  knowledge  of  the  magnetic  field,  the 
length  of  the  active  element  of  the  gauge  f,  and 
the  voltage  produced  allows  one  to  determine 
the  particle  velocity  of  the  target  at  a 
Lagrangian  position  inside  the  material. 

Although  the  ability  to  use  an  EM  gauge  to 
find  pressure  was  recognized  some  time  ago  (10), 
this  method  is  neither  widely  known  nor  used. 

c  Shocked  Urahockad  d 


b  u  —  e 

(a) 


Shocked  Unlocked  d 


Fig.  1.  Electromagnetic  Gauges. 

(a)  Velocity  gauge,  (b)  Impulse  gauge 

Pressure  can  be  found  with  the  experimental 
configuration  sho\m  in  Fig.  1-b  and  a  slightly 
more  complicated  analysis  than  that  used 
above.  With  the  Eulerian-Lagrangian  transfor¬ 
mation  q  dx  =  q0  dh,  Faraday’s  law  gives 

V  =  -  B  .A.  f  y(h)  _£o  dh 

dt  b  q 

=  -  B  jL_  fC  tune  (h-b)  _®2_  dh 

dt  b  q 

=  -  B  e0  tarn)  f  dI!SL  dh  • 

b  at 

where  cant#  is  the  initial  slope  of  the  wire  and 
we  restrict  the  analysis  to  times  before  the 
shock  arrives  at  c.  Substituting  in  the  equation 
for  mass  conservation,  Eq.  (2),  and  integrating 
by  parts,  gives 

V  =  -  B  tanfl  f  (h-b)  ±L  dh 

b  ah 

=  -  B  tan0  (  (h-b)  u  J C  -  fC  u  dh  )  • 

b  b 

Noting  that  u(c,t)  =  0,  one  has 

V  =  B  tanS  u  dh  ■  (5) 
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In  our  usual  situation,  each  mass  point  ex¬ 
periences  a  shock  discontinuity  followed  by  con¬ 
tinuous  motion.  Consequently,  the  particle 
velocity  in  the  field  spanned  by  the  gauge  can 
be  written: 

u(h,t)  =  u,  +  ffc  liL  dt'  , 
t,  3t 

where  u,(h)  is  the  particle  velocity  behind  the 
shock  and  t,(h)  the  shock  arrival  time,  both 
depending  on  the  distance  coordinate  alone.  Use 
of  momentum  conservation,  Eq.  (1),  and 
transfer  of  the  spatial  derivative  to  outside  the 
integral  give: 

u(h,t)  =  u.  —  1  J"*'  dp  dt' 

Qo  fci  3h 

=  u,  -_L  (  _i_  P  dt’  -  p,  _d^. )  • 

q0  3h  L  dh 

Noting  that  dt,/dh  is  just  the  reciprocal  of  the 
shock  velocity,  U,,  the  first  and  third  term  of 
the  last  equation  cancel  from  the  Hugoniot  rela¬ 
tion,  p,  =  Q0  u,  U,.  Defining  the  impluse*, 
I(h,t),  as  the  time  integral  of  the  pressure,  there 
results: 

Co  u  =  -  =  ~  3  Jlp  dt'  •  (6) 

3h  3h 

With  this  preparation,  evaluating  the  re¬ 
sponse  of  the  impulse  gauge  is  simply  a  matter 
of  substituting  Eq.  (6)  for  the  particle  velocity 
in  Eq.  (5).  This  gives 

Ifb.t)  =  -  JC  31  dh  =  eov  (7) 
b  3h  B  tan0 

for  the  impulse  at  the  apex  of  the  gauge  element 
until  the  shock  reaches  point  c. 

The  determination  of  pressure  from  the  im¬ 
pulse  measurement  requires  some  differentia¬ 
tion  of  data.  A  simple,  if  not  always  best, 
method  is  to  evaluate  the  time  derivative: 

p(b,t)  =  31  =  go  dV  .  (8) 

3t  B  tan0  dt 


♦Strictly  speaking,  I  is  the  impulse  per  unit 
area;  we  will  ignore  this  distinction. 


If  the  data  have  any  imperfections,  these  im¬ 
perfections  will  be  amplified  when  pressure  is 
calculated  in  this  manner.  More  serious,  if  the 
data  have  detailed  structure,  as  in  a  short-shock 
experiment,  this  detail  may  be  difficult  to  retain 
accurately  through  the  time  differentiation  pro¬ 
cess.  An  effective  alternative  for  calculating 
pressure-field  histories  under  such  circum¬ 
stances  will  be  discussed  in  the  section  on 
Lagrange  analysis. 

A  PRACTICAL  DESIGN 

In  practice,  measuring  particle  velocity  and 
impulse  is  not  ar,  simple  as  inserting  wires  into 
an  explosive.  As  the  explosive  reacts,  care  must 
be  t al<en  to  assure  that  the  gauge  elements 
move  with  and  not  through  the  gaseous  pro¬ 
ducts.  In  addition,  the  explosive  products  are 
electrically  conductive  so  that  gauge  leads 
should  be  insulated  (11).  If ,  as  some  workers 
prefer,  particle-velocity  gauge  leads  are  brought 
out  of  the  explosive  parallel  to  the  shock  front 
(unlike  the  gauge  shown  in  Fig.l),  care  must  be 
taken  to  assure  that  two-dimensional  flow  does 
not  cause  the  leads  to  spread  and  generate  ex¬ 
traneous  voltages  (12).  The  finite  width  of  the 
gauge  leads  can  also  be  a  problem  when  trying 
to  measure  the  distance  t  (see  Fig.  1-a). 

The  gauge  package  shown  in  Fig.  2  was 
designed  to  minimize  the  above  problems. 
Leads  are  only  lOO-pm  wide  and  18-pm  thick, 
and  are  sandwiched  between  two  25-pm-thick 
Teflon  sheets.  The  Teflon  coating  acts  as  a 
mechanical  substrate,  a  barrier  to  gas  flow 
around  the  conductors,  and  as  electrical  insula¬ 
tion.  Aluminum  conductors  are  used  because 
this  metal  is  a  relatively  good  shock  impedance 
match  to  most  explosives.  This  impedance 
match  minimizes  both  perturbations  to  the  flow 
and  problems  with  gauge  leads  punching 
through  the  Teflon  sheet. 

The  gauge  package  is  inserted  into  the  ex¬ 
plosive  at  an  angle,  as  shown  in  Fig.  3.  This 
gauge  insertion  technique  has  the  advantage 
that  the  explosive  need  be  sliced  only  once,  yet 
locates  each  pair  of  impulse  and  velocity  gauges 
at  different  depths  in  the  explosive.  We  com¬ 
monly  use  a  gauge  package  inclined  twenty  or 
thirty  degrees  to  the  impact  face  and  2-mm 
separation  of  gauge  pairs  in  the  package  (see 
Fig.  2),  giving  0.7-  or  1-mm  spacing  of  the  gauge 
elements  in  the  direction  of  particle  motion. 
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Fig.  2.  The  electromagnetic  gauge  package. 
The  largest  velocity  gauge  is  10-mm  wide 

Gauge  leads  are  brought  out  through  the  rear 
edge  of  the  target  and  the  gauge-package 
dimensions  are  limited  so  that  two-dimensional 
effects  caused  by  edge  rarefactions  are  avoided. 

The  gauge  package  and  target  are  assembled 
by  first  bonding  aluminum  foil  to  a  Teflon  sheet 
that  has  been  specially  treated  to  accept  the 
adhesive.  The  glue  bond  is  kept  as  thin  as  possi¬ 
ble,  typically  about  2-pm  thick.  Next,  the  con¬ 
ductor  pattern  shown  in  Fig.  2  is  photo  etched 
from  the  metal.  Gauge  construction  is  com¬ 
pleted  when  the  tops  of  the  conductors  are 
covered  with  another  Teflon  sheet,  also  bond¬ 
ed  in  place.  Next,  the  explosive  sample  is  sliced, 
the  gauge  package  inserted,  and  the  explosive 
pieces  glued  together.  It  important  to  keep 
the  gauge-glue  combination  as  thin  as  possible. 
If  the  gauge  or  glue  is  too  chick,  the  gauge  will 
not  record  the  bulk  response  of  the  explosive. 
The  type  of  glue  used  to  hold  the  gauge  in  the 
explosive  can  also  affect  the  response  of  the 
gauge.  Some  glues  approved  for  use  with  ex¬ 
plosives  contain  solvents  that  can  cause  small 
voids  in  the  explosive  near  the  gauge  package. 
Such  glues  are  to  be  avoided  if  the  bulk  response 
of  the  explosive  is  to  be  measured. 

The  uniform  magnetic  field  indicated  in  Fig. 
3  is  provided  by  a  specially  constructed  elec¬ 
tromagnet.  The  two  pole  pieces  for  the  magnet 
are  0.28-m  square  and  0.25-m  thick,  and  have 
a  0.28-m  separation.  These  pole  pieces  are 
designed  to  be  integrated  into  our  gas-gun 
target  chamber,  which  serves  as  the  yoke  and 
magnetic  return  path  for  the  system.  An 
aluminum  alloy  cylinder  inside  the  magnet  poles 
is  used  to  protect  it  and  the  target  chamber 
from  shrapnel  from  the  target  assembly.  The 


magnet  pole  pieces  are  each  wound  with  three 
parallel  coils  on  a  0.1-m  iron  core,  powered  by 
a  15-V,  300-A  regulated  DC  supply.  Magnetic 
field  strengths  are  measured  for  each  experi¬ 
ment,  and  are  typically  825  gauss.  A  central, 
25-mm  cubic  region  between  the  poles  has  been 
shown  to  have  ±  0.5-percent  uniformity  in 
magnetic  field,  and  the  gauge  package  is  located 
within  this  region  for  all  experiments.  Disturb¬ 
ance  of  the  magnetic  field  by  an  incoming,  con¬ 
ducting  projectile  was  avoided  by  using  the 
plastic  projectile  extension  and  aluminum  ox¬ 
ide  (chosen  for  high  shock  impedance)  flyer 
depicted  in  Fig.  3. 

The  magnetic-field  strengths,  gauge-element 
dimensions  and  particle  velocities  of  our  ex¬ 
periments  combine  to  give  typical  signals  of 
about  a  volt.  These  were  recorded  on  Tektronix 
Model  7844  oscilloscopes  or,  more  recently, 
Model  7612  transient  digitizers.  In  both  cases, 
the  signals  are  recorded  through  Model  7A13 
and  7A24  amplifiers  used  in  the  differential 
mode.  Single  ended  measurements  proved  to  be 
impractical  because  of  grounding  problems  at 
the  gauge. 

In  this  paper,  the  experimental  and  analytic 
methods  discussed  above  are  illustrated  with 
iwo  results  for  PBX  9501,  a  plastic-bonded,  95 
weight  percent  HMX  similar  to  the  PBX  9404 
studied  previously  (2).  Projectile  velocities  and 
ceramic  flyer  vh!"knesses  were  chosen  to  give 
a  3.5-GPa  sustai.ied-shock  input  for  one  experi¬ 
ment  and  a  3.9-GPa,  0.45-ps  pulsed  input  for  the 
other.  In  both  cases,  the  first  gaugeelement 
pair  was  about  0.3  mm  from  the  impact  face; 
the  fifth  element  was  3  ram  from  the  impact  face 
for  the  sustained-shock  experiment  and  4.3-mm 
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deep  for  the  short-shock  test.  The  deepest  ele¬ 
ment  pair  was  less  than  half  of  the  run  distance 
to  detonation  for  both  of  the  input  shock  con¬ 
ditions  chosen.  Impulse  and  particle-velocity 
data  for  the  two  experiments  are  shown  as 
frames  (a)  and  (b)  in  Figs.  4  and  5. 

LAGRANGE  ANALYSIS 

Each  of  the  experiments  described  above  pro¬ 
vides  enough  impluse-  and  velocity-field  data  to 
allow  a  Lagrange  analysis  of  the  reactive  flow. 
As  was  the  case  for  the  analysis  of  pressure- 
gauge  data  only  (3),  we  have  found  that  the 
Lagrange  analysis  of  these  data  is  best  ac¬ 
complished  using  the  so-called  pathline  method 
(13).  In  this  analytic  technique,  the  gauge  data 
are  fitted  along  arbitrary  paths  constructed 
through  the  ent:re  h-t  space  of  the  observations. 
The  spatial  derivatives  in  Eqs.  (1)  to  (3)  are 
replaced  with  the  directional  derivatives,  accor¬ 
ding  to  the  transformation  of  any  state  variable, 
f,  by 

3f  —  df  _  1  3f  _  (9) 

3h  dh  U  3t 

where  df/dh  denotes  the  derivative  along  the 
pathline  and  U  =  l/(dt/dh)  is  termed  the  phase 
velocity.  Although  this  transformation  replaces 
an  interpolation  through  a  few  gauge  locations 
with  the  difference  in  two  quantities,  this  does 
not  lead  to  a  less  accurate  analysis.  The  paths 
are  chosen  analytically,  so  no  error  occurs  in  U; 
the  3  f/  3  t  are  fitted  through  dense  data  at  each 
gauge  station;  finally,  the  paths  can  be  chosen 
so  that  state  variables  do  not  change  along 
them  as  much  as  at  fixed  time,  so  that  the  df/dh 
are  smoother  and  more  accurately  evaluated 
than  the  3f/3h. 

With  the  combined  impulse  and  velocity  data 
provided  by  the  EM  gauge  package,  an  alter¬ 
native  to  time  differentiation  of  the  impulse 
records  is  allowed  by  the  pathline  analysis 
method.  Applying  the  transformation  Eq.  (9)  to 
the  impulse,  and  using  Eqs.  (6)  and  (8)  for  its 
spatial  and  time  derivatives,  we  have: 

plh.t)  =  {  Q0  u  +  JLL)  U  •  (8') 

dh 

Note  the  resemblance  of  this  expression  of  the 
pressure  to  the  Hugoniot  relations,  with  the 
phase  velocity  in  the  role  of  a  shock  velocity; 
it  reduces  to  the  Hugoniot  relation  on  the  first 


pathline,  where  I,  =  0. 

With  the  pressure-field  history  defined  by  Eq. 
(8)  or  Eq.  (S'),  the  Lagrange  analysis  is  com¬ 
pleted  by  the  integration  of  mass  and  energy 
conservation,  Eqs.  (2)  and  (3).  Defining  the  com¬ 
pression,  t]  =  1  —  q0Iq,  these  are  written: 

q(h,t)  =  n>  (h)  -  f  (&L-  i^u  )  df  (10) 

t,  dh  u  at 

and 

e(h,t)  =  e,  (h)  - 

1  ffc  p  (  du__  1.9u_)dt'  •  (11) 

go  t,  dh  U  3t 

The  Lagrange  analyses  of  the  two  ex¬ 
periments  described  above  had  some  common 
features  and  some  important  differences.  In 
both  cases,  the  analysis  was  done  with  a  con¬ 
struction  of  101  pathlines.  Shock  states  on  the 
first  path  line  were  specified  by  fitting  the  in¬ 
itial  particle  velocities  and  using  the  known 
unreacted  Hugoniot  for  the  explosive.  Mathe¬ 
matical  cubic  spline  fitting  was  used  to  con¬ 
struct  smooth  functions  of  the  impulse-  and 
velocity-gauge  histories;  these  fitting  functions 
are  shown  as  solid  curves  in  frames  (a)  and  (b) 
of  Figs.  4  and  5.  The  integration  of  Eqs.  (10)  and 
(11)  was  accomplished  with  a  simple  differenc¬ 
ing  scheme  for  both  analyses.  Our  present 
analysis  determines  density  and  energy 
histories  at  the  gauge  locations  only. 

For  the  analysis  of  the  sustained-shock  data, 
simple  time  differentiation  of  the  impulse  data 
was  found  an  adequate  means  of  evaluating  the 
pressure  histories.  Evaluating  the  derivatives 
of  the  spline  fitting  functions  of  Fig.  4-a  gave 
the  fairly  pleasing  result  shown  in  Fig.  4-c.  An 
uncomplicated,  regular  pathline  construction 
was  also  found  adequate;  every  tenth  pathline 
of  thj  construction  used  is  shown  in  Fig.  4-d, 
with  the  symbols  indicating  the  extent  of  the 
data.  Pathline  derivatives  oi  the  particle 
velocities,  du/dh,  were  evaluated  by  cubic  spline 
fitting  of  five  velocity  values  on  each  pathline 
and  calculating  the  derivative  at  each  gauge 
location.  These  were  combined  with  the  time 
derivatives  of  the  velocity  and  impulse  fitting 
functions  and  the  analytic  formulations  of  the 
phase  velocities  to  compute  the  density  and 
energy  histories  according  to  Eqs.  (10)  and  (11). 
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Fig.  5.  State  histories  for  a  short-shock  experiment  on  PBX  9501 
(Gauge  elements  are  located  0.30,  1.30,  2.29,  3.31  and  4.29  mm  from  the  impact  face.) 
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The  results  are  shown  in  Fig.  4-e  and  4-f  and  are 
similar  in  form  and  reasonably  regular. 

Some  modification  of  the  analysis  is  needed 
to  treat  short-shock  data  such  as  shown  in  Fig. 
5.  Although  the  impulse  data  of  Fig.  5-a  show 
some  breaks  and  kinks  associated  with  the  suc¬ 
cessive  rarefactions  evident  in  the  velocity  data, 
reasonable  pressure  histories  could  not  be  ob¬ 
tained  by  simple  time  differentiation  of  spline 
functions  fitted  to  the  impulse  histories.  Con¬ 
sequently,  the  alternative  analysis  of  pressure 
histories,  Eq.  (81,  was  used.  In  order  to  avoid 
pathline  to  pathline  irregularity  in  the  U,  du/dh 
and  dl/dh  factors  in  Eqs.  (81,  (10)  and  (11),  it 
was  necessary  to  use  very  low-order,  smooth 
functions  for  fitting  velocity  and  impulse  along 
the  pathlines,  and  for  the  pathline  functions  as 
well.  This  was  accomplished  by  fitting  certain 
key  pathlines  through  the  flow  features  of  heads 
and  tails  of  the  rarefaction  waves,  and  spacing 
the  intermediate  path  lines  evenly;  the  resulting 
construction  is  shown  in  Fig.  5-d.  We  were  able 
to  use  single  quadratic  segments  for  all  fitting 
functions.  The  calculated  pressures  shown  in 
Fig.  5-c  have  a  generally  increasing  character, 
with  superimposed  reverberating  rarefaction 
features  synchronized  with  similar  features  in 
the  velocity  records.  The  detailed  structure  of 
the  pressure  histories  is  primarily  due  to  the  p0u 
term  in  Eq.  (81,  and  the  dl/dh  term  provides  the 
increasing  character.  Similarly,  in  the  calcula¬ 
tion  of  density  and  energy  histories,  it  is  the 
du/dh  term  in  Eqs.  (10)  and  (11)  that  determines 
the  general  trends  and  the  term  with  duldt  that 
superimposes  the  detailed  structure.  This  abi’i- 
ty  of  the  experimental  design  and  analysis  to 
connect  pressure,  density  and  energy  histories 
all  to  the  particle-velocity  histories  permits  the 
pleasing  results  in  Fig.  5  and  rate  analyses  for 
complex  reactive  flows. 

EQUATION  OF  STATE  AND 
REACTION  RATES 

Calculation  of  reaction  and  rate  histories  is  ef¬ 
fected  by  the  assumption  of  a  reactant-product 
equation  of  state.  We  consider  the  reacting 
explosive  as  a  mixture  of  unreacted  solid  and 
fully  reacted,  mostly  gaseous  products  and 
measure  reaction  progress  in  terms  of  the  mass 
fraction  of  products,  A.  As  in  most  of  our  pre¬ 
vious  work,  we  have  used  the  HOM  equation 
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Fig.  6.  Reaction  and  rate  histories  for  sustained- 
shock  experiments 

of  state  (14).  Mie-Gruneisen  representations  are 
used  for  both  constitutents,  with  the  measured 
Hugoniot  serving  as  the  reference  curve  for  the 
solid  and  a  well-calibrated  BKW  (14)  calculation 
of  the  isentrope  through  the  Chapman-Jouguet 
state  references  the  products.  Ideal  mixing  of 
specific  volume  and  internal  energy  are  assumed, 
along  with  pressure  and  temperature  equilibri¬ 
um.  Our  calculation  of  A  (g,p,e)  is  done  with  a 
Newton’s  method  iteration  algorithm  and  com¬ 
puter  subroutine  devised  by  Charles  Forest.  The 
calculation  also  provides  such  thermodynamic 
derivatives  as  the  sound  speed,  c,  and  the 
pressure  derivative  p*  =  (Sp/dA)^.  A  detailed 
description  of  a  similar  computation  is  in  (15). 

Reaction  histories  calculated  with  HOM  for 
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the  two  experiments  on  PBX  9501  are  shown 
in  Figs.  6-a  and  7-a.  Both  are  quite  regular.  We 
exercise  either  of  two  options  in  calculating  the 
rates.  One  is  to  evaluate  time  derivatives  of 
pressure  and  density  in  the  Lagrangian  analysis 
and  calculate 

r  =  d\  =  jdpldt)  -cHdgldt)  .  (i2) 

3t  PA 

This  was  done  for  the  rate  histories  for  the 
sustained-shock  case  shown  in  Fig.  6-b.  The 
other  alternative  is  spline-fitting  of  the  reaction 
histories  and  differentiating.  This  was  done  for 
the  three  interior  gauge  locations  for  the  short- 
shock  case,  Fig.  7-b.  The  results  are  more  erratic 
than  the  sustained-shock  case;  we  have  not  yet 
found  a  really  effective  fitting  method.  This  was 
particularly  the  case  for  the  first  and  fifth  gauge 
stations,  so  only  results  at  the  central  three 
locations  are  shown  in  Fig.  7. 

EMPIRICAL  REACTION-RATE 
CORRELATIONS 

Since  our  group  first  attempted  to  obtain  an 
empirical  rate  correlation  lor  PBX  9404,  we 
have  recognized  that  a  simple  dependence  on 
current  pressure  provided  a  reasonable  correla¬ 
tion  for  rates  analyzed  frcm  sustained-shock  ex¬ 
periments  (2).  However,  the  same  work  showed 
that  rates  from  short-shock  experiments  failed 
to  correlate  with  current  pressure,  and  that  a 
larger  range  of  initiation  phenomena  could  be 
modeled  with  a  reaction-rate  dependence  com¬ 
bining  multiplicative  factors  in  the  depletion, 
shock  strength  and  current  state.  Our  empirical 
manifestation  of  the  fact  has  been  the  Direct 
Analysis  Generated  Modi  fie*.  Arrhenius  Rate,  or 
DAGMAR.  This  form  provided  excellont  cor¬ 
relations  of  rates  from  both  sustained-  and 
short-shock  experiments  on  PBX  9404  (2),  and 
subsequently  a  good  rate  calibration  for 
1.8-g/cm’  TATB(3).  Both  calibrations  have  been 
generally  successful  in  hydrocode  simulations 
of  a  variety  of  initiation  phenomena,  including 
those  in  state  regions  much  different  from  those 
of  the  gauge  experiments  used  to  determine  the 
rates.  This  success  recently  has  been  extended 
to  detonation  reaction  zone  observations  on 
TATBU6). 

The  current-pressure  correlations  of  the  rates 
calculated  for  PBX  9501  are  shown  in  Fig.  8, 
plotted  in  a  coordinate  system  appropriate  for 
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Fig.  7.  Reaction  and  rate  histories  {or  short- 
shock  experiments 

the  usual  expression  for  the  Forest  Fire  rate 
(14), 

ln(_L)=.I  a;  pi  (13) 
1-A  J~o  J 

The  rate  histories  for  the  sustained-shock  ex¬ 
periment  obviously  admit  to  a  current-pressure 
correlation  over  most  of  the  0<  A  <  0.4  reaction 
range.  Because  the  pressure  histories  in  the 
short-shock  case  increase  overall  during  the 
time  covered  by  experiment  (see  Fig.  5-c),  the 
correlation  is  reasonable  overall.  However,  local 
portions  with  strongly  increasing  rates  and  con¬ 
stant  or  decreasing  pressures  are  not  consistent 
with  Eq.  (13).  The  dashed  line  is  the  Forest  Fire 
rate  calibrated  in  the  usual  manner,  using 
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(a) 


(b) 


Fig.  8.  Pressure  correlation  for  (a)  sustained •  and  (b)  short-shock  experiments 


fa',  (b) 

Fig  9  DAG  MAR  correlation  for  (a)  sustained-  and  (b)  short-shock  experiments 


explosive  wedge  data  and  a  rather  assumptive, 
shock-change  analysis  of  the  buildup  of  the 
shock  front.  Although  the  Forest  Fire  calibra¬ 
tion  is  by  no  means  a  best  fit  to  our  rate 
histories,  it  is  remarkable  that  it  is  in  the 
general  vicinity,  considering  the  different  types 
of  data  and  analyses  used. 

The  formulation  of  DAGMAR  is: 

-L-  =  Z0  p?  G(p.t)  e“(T*/T>  ,  (14) 
1  — A 

where  p,  is  shock-front  pressure,  T  is  the  cur¬ 
rent  temperature  (a  parameter  of  questionable 
physical  significance  calculated  in  HOM),  and 


Z0,  n  and  T*  are  constants.  G(p,t)  is  an 
induction-time  factor  that  becomes  unity  in  a 
few  tenths  of  a  microsecond;  this  was  necessary 
for  the  PBX  9404  correlation,  but  not  for  the 
1.8-g/cms  TATB.  On  an  Arrhenius  plot,  the 
function  plots  as  a  series  of  parallel  straight 
lines  except  as  modified  by  the  G(p,t)  factor  at 
early  times  (lower  temperatures). 

Figure  9  shows  that  DAGMAR  correlates 
well  with  our  rate  data  for  both  sustained-  and 
short-shock  experiments  on  PBX  9501.  In  both 
cases,  the  curves  lie  at  higher  levels  in  sequence 
of  increasing  shock  strength  with  deeper 
gauges.  The  range  cf  shock  pressures  in  these 
experiments  is  not  enough  to  evaluate  the 
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exponent  n,  so  we  presently  use  the  n  =  2  for 
PBX  9404  for  this  constant.  The  graphically 
matched  dashed  lines  in  Fig.  5-c  correspond  to 
the  shock  states  at  the  first  and  last  gauges, 
and  represent  T*  =  1260  K  and  Zo  =  0.205  — 
slightly  larger  rate  than  for  PBX  9404.  The 
same  constants  are  used  to  plot  the  rate  for  the 
center  gauge  for  the  short-shock  data;  it  is  a  bit 
high.  We  have  not  yet  attempted  to  calculate 
an  induction-time  factor,  but  the  rates  at  early 
times  indicate  one  is  needed  for  PBX  9501. 

Although  the  short-shock  experiment  on  PBX 
9404  made  the  point  better,  our  intent  in 
displaying  the  correlations  above  is  to  indicate 
that  more  can  be  learned  about  global  reaction 
rates  analyzing  such  experiments  than  with 
sustained-shock  data.  The  Lagrange  analyses 
of  the  pressure-gauge  data  for  the  short-shock 
experiments  on  PBX  9404  (2)  are  recalled  by  the 
responsible  author  (JW)  as  a  process  of  lengthy 
labor  and  some  rather  shameful  finagling. 
Anderson  substantially  improved  the  analysis 
of  pressure-gauge  data  for  the  work  on  TATB 
(3),  but  was  unable  to  accomplish  a  Lagrange 
analysis  of  the  short-shock  data  at  all.  Although 
there  are  several  improvements  planned  for  the 
analysis  reported  here,  it  is  already  relatively 
little  work,  free  of  manipulation,  and  effective. 

The  electromagnetic  combined  impulse  and 
particle-velocity  system  allows  rate  analyses  of 
more  complex  one-dimensional  reactive  flow.  In 
our  group,  the  hope  is  to  proceed  from  empirical 
correlations  to  more  physical  reaction-rate 
models  for  heterogeneous  explosives,  and  our 
belief  is  that  the  proper  way  to  test  and 
calibrate  these  models  is  with  global  reaction- 
rate  information.  For  those  content  with  testing 
and  calibrating  their  models  with  trial-and-error 
computer  simulations  of  observations,  we 
recommend  embedded-gauge  measurements 
that  are  less  demanding  experimentally  than 
those  we  have  described. 
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DISCUSSION 

MICHAEL  COWPERTHWAITE,  SRI 
International 

Does  the  reaction  seem  to  be  driven  more  by 
temperature  thar.  pressure  because  the  HOM 
equation  of  stare,  based  on  the  assumption  of 
thermal  equilibrium,  was  used  to  calculate  the 
reaction  coordinate  from  the  gage  data? 

REPLY  BY  JERRY  WACKERLE 

In  a  sense,  this  is  correct,  although  the  result 
is  not  limited  to  the  HOM  equation  of  state. 


With  thermal  equilibrium  assi  med,  the  calcu¬ 
lated  temperature  increase  as  reaction  proceeds 
scales  quite  closely  with  the  mass  fraction 
reacted,  or  reaction  coordinate,  A.  Thus  A  could 
be  used  as  readily  as  temperature  as  the  correla¬ 
tion  variable  for  the  current-state  factor  in  a 
DAGMAR-like  form;  however,  with  an  exponen¬ 
tial,  Arrhenius  form,  it  seems  more  appropriate 
to  use  temperature  parameterization.  We  have 
examined  the  DAGMAR  correlation  with  the 
two-temperature,  “isentropic  solid”  (ISE)  alter¬ 
native  to  thermal  equilibrium  you  described  in 
the  Seventh  Detonation  Symposium  (see  p.  601 
of  Ref.  3  above);  we  find  the  evolution  of  the  reac¬ 
tion  coordinates  in  typical  initiation  configura¬ 
tions  differ  little  between  ISE  and  HCM.  If  a 
“bulk”  mixture  temperature  history  is  calculated 
with  ISE  on  a  basis  of  ideal  mixing  of  volume 
fractions,  the  evolution  of  this  temperature  func¬ 
tion  along  a  reactive  state  path  is  very  similar 
to  that  of  the  equilibrium  temperature  evolution 
calculated  with  HOM.  Thus,  ISE  also  is  found 
to  admit  to  a  good  DAGMAR  correlation  in 
terms  of  current-state  bulk  temperature,  again 
because  it  scales  with  the  reaction  extent.  In  any 
case,  this  work  and  that  of  Refs.  2  to  4  above 
all  show  that  in  short-shock  experiments 
pressure  is  an  inferior  correlation  variable  for  the 
current-state  dependence  of  the  rate,  and  that 
this  purpose  is  served  much  better  by  some 
measure  of  the  energy  release,  be  it  bulk 
temperature  or  reaction  coordinate. 
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LAGRANGE  GAGE  STUDIES  OF  DETONATION  IN  SOME 
INTERMOLECULAR  EA  BASED  EXPLOSIVES 


M.  Cowperthwaite  and  J.T.  Rosenberg 
SRI  International 
Menlo  Park,  CA  94025 


Multiple  Lagrange  gages  were  used  to  record  sets  of  particle  veloci¬ 
ty  histories  in  detonation  waves  propagating  in  baseline  EAK,  prill- 
cast. EAK  and  EAKL.  Curves  of  constant  particle  velocity  were  con¬ 
structed  from  these  sets  of  histories  to  map  the  particle  velocity  fields 
in  the  regions  spanned  by  the  gages ,  The  particle  velocity  fields  were 
found  to  contain  a  steady-state  zone  and  an  unsteady  zone  exhibiting 
properties  of  nonideal  detonation.  Chapman-Jouguet  (CJ)  calcula¬ 
tions,  based  on  the  premise  that  these  steady-state  zones  represen  t 
the  reaction  zones  in  the  explosives,  led  to  the  assignment  of  CJ 
parameters  and  reaction  times  to  prill-cast  EAK  and  EAKL  but  not 
to  baseline  EAK  Comparison  of  the  structures  of  these  reaction  zones 
and  the  ensuing  unsteady  flows  leads  to  the  conclusion  ihat 
aluminum  (L)  in  this  EAKL  bums  both  in  the  reaction  zone  and  in 
the  release  wave  behind  it. 


INTRODUCTION 

The  demonstration  by  Hershkowitz  and  Akst 
(1)  that  the  performance  of  nonideal  intermolec¬ 
ular  explosives  containing  ammonium  nitrate 
(A)  is  improved  by  physical  synthesis  led  to  the 
development  of  explosives  based  on  EA,  the 
eutectic  of  ethylenediamine  dinitrate  (E)  and  A. 
This  paper  presents  a  study  of  detonation  in 
some  intermolecular  explosives  based  on  EA 
with  the  additives  potassium  nitrate  (K)  and 
aluminum  (L).  Multiple  Lagrange  particle 
velocity  gage  experiments  were  performed  to 
characterize  detonation  in  baseline  EAK,  prill- 
cast  EAK,  and  EAKL. 

Multiple  Lagrange  particle  velocity  histories 
were  recorded  in  self-sustaining  detonation 
wave?  pri .gating  in  baseline  EAK,  prill-cast 
EAK,  and  EAKL.  These  particle  velocity  his¬ 
tories  were  used  to  construct  curves  of  constant 
particle  velocity  (2)-{4)  in  the  time-Lagrange 
distance  (t-h)  plane  and  thereby  map  the  particle 
veloc'ly  fields  in  the  regions  spanned  by  the 
gages.  These  curves  of  constant  particle  vel¬ 
ocity  were  examined  to  determine  steady-state 
and  unsteady  regions  in  the  detonation  waves 


in  the  explosives. 

The  particle  velocity  fields  in  the  detonation 
waves  were  found  to  contain  a  steady-state  zone 
and  an  unsteady  zone.  Calculations  of 
Chapman-Jouguei  (CJ)  parameters  were  based 
on  the  assumption  that  the  observed  steady- 
state  zones  represent  the  reaction  zones  in  the 
explosives.  The  results  of  these  calculations  led 
to  the  assignment  of  CJ  parameters  to  prill-cast 
EAK  and  EAKL  and  also  to  the  conclusion  that 
the  reaction  zone  in  baseline  EAK  is  nc  ‘  fully 
developed  in  the  region  spanned  by  the  gages. 

Atypical  properties  of  the  particle  velocity 
contours  in  the  unsteady  regions  demonstrate 
other  nonideal  features  of  the  detonation  pro¬ 
cess  in  these  EA  based  explosives.  The  positive 
second  derivatives  exhibited  by  the  particle 
velocity  contours  in  prill-cast  EAK  indicate  that 
its  release  wave  is  influenced  by  exothermic 
reactions;  the  remarkable  differences  exhibited 
by  the  contours  in  EAKL  and  prill-cast  EAK 
are  taken  as  evidence  that  the  release  wave  in 
EAKL  is  strongly  influenced  by  the  burning  of 
aluminum  (1). 
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LAGRANGE  TECHNIQUES 

(1)  Experimental  Methods. 


The  SRI  multiple  Lagrange  particle  velocity 
gag'  technique  used  in  the  present  work  has 
been  described  previously  (4,5)  and  is  summar¬ 
ized  here  for  the  reader  who  may  not  be  familiar 
with  the  technique.  The  objective  of  this  tech¬ 
nique  is  to  measure  histories  along  particle 
paths  (Lagrange  histories)  of  the  particle  veloci¬ 
ty  at  several  depths  within  an  explosive 
undergoing  planar  reactive  flow.  The  basic  ex¬ 
periment  configuration  is  shown  in  Figure  1. 


Plane 
Wave 
\  Initiator 


Wave  , 
Propagation  i 
Direction  i 


J  HELMHOLTZ  COILS  ON  PLYWOOD  FRAME  £ 

Fig.  1.  Configuration  of  SRI  intermediate-scale 
multiple  Lagrange  particle  velocity  gage  exper¬ 
iments  (Heavy  dashes  in  the  HE  target  indicate 
the  active  elements  of  the  embedded  particle 
velocity  gages.) 

The  HE  target  is  a  right  cylinder  typically  0.2 
to  0.3  m  in  diameter  by  about  0.1'  m  in  height. 
A  plane-wave  lens  (PWL)  and  ap{  ropriate  HE 
driver  are  used  to  initiate  reaction  .n  the  target 
HE.  Electromagnetic  particle  velocity  (EPV) 
gages,  (6,7)  described  below,  are  embedded  at 
various  depths  (Lagrange  coordinates)  in  the 
target  to  record  the  particle  velocities  at  these 
Lagrange  coordinates.  Expendable  Helmholtz 
coils,  wound  on  plywood  frames  e~  powered  by 
a  capacitive  discharge  system  with  a  time  con¬ 
stant  of  several  milliseconds,  provide  a  uniform 
uniaxial  magnetic  induction  of  400  to  500  gauss 
in  the  region  of  the  EPV  gages.  The  magnetic 
induction  is  essentially  constant  during  the 
measurement  interval,  about  10  ps. 

The  configuration  in  Figure  1  is  large  scale  in 
comparison  to  Lagrange  gage  gas  gun  experi¬ 
ments  performed  in  other  laboratories,  typical¬ 
ly  with  0.05-m-diameter  targets,  to  study  shock 
initiation  of  detonation  for  shorter  times  (8,9). 


However,  here,  in  the  context  of  nonideal  HEs, 
it  is  termed  intermediate  scale. 

The  principle  of  the  EPV  gage  is  that  an  elec¬ 
trical  conductor  moving  in  a  fixed  magnetic 
field  will  generate  a  motional  electromotive 
force  (EMF)  proportional  to  its  velocity.  If  the 
conductor,  motion,  and  magnetic  induction  are 
each  uniaxial  and  mutually  orthogonal,  as  in  the 
present  case,  then  by  Faraday’s  law  of  induc¬ 
tion  for  moving  circuits 

E(t)  =  Bfti'  (t)  (1) 

where  E  is  the  EMF,  t  is  time,  B  is  the 
magnitude  of  the  magnetic  induction,  ( is  the 
length  of  the  conductor,  and  u’  is  its  velocity. 

The  EPV  gages  used  in  this  work  were  form¬ 
ed  from  aluminum  strips  nominally  0.15  mm 
thick  by  3  mm  wide.  The  strips  are  bent  into  rec¬ 
tilinear  U-shapes,  and  ten  are  mounted  on  a 
standard  linen-phenolic  gage  block  for  embed¬ 
ding  in  a  target,  as  shown  in  Figure  2.  The  cross¬ 
bar  of  the  U  is  the  active  element  of  the  gage 
and  is  25.4  mm  long.  The  sides  of  the  U,  elec¬ 
trical  leads  that  carry  the  signal  out  the  back 
of  the  target,  do  not  contribute  to  the  signal 
because  they  are  strictly  parallel  to  the  direc¬ 
tion  of  particle  motion  in  the  target.  The  gages 
are  anodized  and  sealed  to  provide  an  electrical 
insulating  layer  5  to  10  p  thick.  Because  the  ac¬ 
tive  elements  of  the  EPV  gages  are  only  0.15 
mm  *  hick  in  the  wave  propagation  direction  we 
estimate  that  the  gages  equilibrate  with  the 
flow  in  less  than  0.1  ps.  Therefore,  u'  (t)  can  be 
taken  equal  to  the  local  velocity  in  the  reactive 
flow,  u(t),  everywhere  except  at  highly  transient 
states  such  as  those  near  the  spike  in  a  classic 
ideal  HE. 

A  high-frequency  recording  circuit,  consisting 
of  RG  213  or  RG  58  coaxial  cables  and  a  51-Q 
viewing-and-termination  resistor  in  series  with 
the  EPV  gage,  monitors  each  gage.  A  Tektrorux 
7000  series  analog  oscilloscope,  time-correlated 
to  other  analog  oscilloscopes  by  a  repetitive 
beam-blanking  pulse  simultaneously  applied  to 
each  oscilloscope,  and  a  Nicolet  digital  2090III 
oscilloscope  each  records  the  potential  drops 
across  che  viewing  resistor  for  each  gage. 
Typical  peak  potential  drops  are  2  V.  E(t)  is 
determined  from  the  potential  drop  across  the 
viewing  resistor,  and  u'(t),  interpreted  as  u(t), 
is  then  calculated  from  Eq.  (1). 
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center-to-center,  in  the  lateral  direction. 


Shock  Propagation  Direction 


(a)  Photograph  of  Gage  Block  and  Gages  with  Eventual 
Target  Location  Indicated  by  Dashed  Lines 


lb)  Schematic  Side  View  Showing  Gage  Numbering  System  and  Positions 
i  These  Dimensions  used  in  Data  Analysis) 


Fig.  2.  Configuration  and  numbering  system  of 
the  ten  particle  velocity  gages  in  each  Lagrange 
experiment 

Our  standard  ten-gage  gage  block  was  used 
in  this  work.  The  gage  numbering  system  and 
dimensions  in  the  wave  propagation  direction 
are  shown  in  Figure  2.  The  gages  are  numbered 
sequentially  from  one  end  of  the  block  to  the 
other.  The  ten  gages  consist  of  two  sym¬ 
metrically  placed  5-gage  sets,  1  through  5  and 
6  through  10.  Thus  there  are  two  replicate 
gages,  one  from  each  5-gage  set  in  each  of  five 
planes  (Lagrange  positions)  orthogonal  to  the 
detonation  propagation  direction.  A  Ijacent 
gages  are  separated  by  12.7  ±  0.1  mm  in  the 
propagation  direction  and  by  12.0  ±  0.2  mm, 


(2)  Analytic  Methods 

A  Lagrange  analysis  based  on  particle  veloci¬ 
ty  (u)  provides  a  quantitative  description  of  the 
one-dimensional  flow  produced  in  a  shock  or 
detonation  wave  experiment  from  a  set  of  par¬ 
ticle  velocity  histories  recorded  along  different 
particle  paths.  The  pressure  (p)  and  the  specific 
volume  (v)  are  generated  by  integrating  the 
equations  of  motion  with  flow  derivatives 
estimated  from  the  gage  records. 

In  an  analysis  based  on  curves  of  constant  u 
it  is  convenient  to  write  the  momentum  and 
continuity  equations  as 

p(u,t)  -  Pfft)  =  Qo  JU  (r-3hA  du  (2) 

uf  v  at 

and 

v  (u.h)  -  Vf(h)  =  -  v0  JU  du  (3) 

uf  V0h'u 


where  t  and  h  denote  time  and  Lagrange 
distance,  the  subscript  f  denotes  the  wave  front, 
the  subscript  o  denoted  the  unshocked  condi¬ 
tion  and  q  =  v'J  denotes  the  density.  The 
derivative  (3  hi  d  t)u  represents  the  slope  of  the 
curves  of  constant  u  in  the  (h-t)  plane,  was  in¬ 
troduced  into  Lagrange  analysis  by  Fowles  (2) 
as  Cu.  and  satisfies  the  equation, 


(3u/3t)h 

(3u/3h)t 


(4) 


The  theoretical  basis  of  our  analysis  based  on 
curves  of  constant  u  in  the  (t-h)  plane  will  now 
be  presented.  We  first  consider  an  expansive 
flow  behind  a  shock  propagating  at  constant 
velocity  D  consisting  of  a  steady-state  region 
followed  by  an  unsteady  region.  It  is  convenient 
to  use  the  subscript  H  to  denote  conditions  at 
the  shock  front.  Then,  uf  =  ujj,  pf  =  pH,  Vf  = 
vj|  and  the  variables  at  the  shock  front  are 
governed  by  the  Rankine-Hugoniot  jump  con¬ 
ditions 

VjjD  =  v0  (D  -  uH)  (5) 

v0p„  =  Du„  =  Dl  (1  -  Ill)  16) 

vo 
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expressing  the  balance  of  mass  and  momentum 
across  the  shock  front.  Equations  governing  the 
steady-state  region  are  readily  derived  using  the 
steady-state  condition  expressed  in  Lagrange 
coordinates  by  the  equation, 

(TT)h=-DHr\  m 

The  combination  of  Eqs.  (7)  and  (4)  gives  the 
equation 

Cu  =  D  (8) 

which  shows  that  the  curves  of  constant  i  in 
a  steady-state  region  are  parallel  straight  lines 
with  a  slope  of(3t/3h)u  =  D-1  *n  the  (t-h)  plane. 
The  integration  of  Eqs.  (2)  and  (3)  subject  to  Eq. 
(8)  and  the  boundary  conditions  expressed  by 
Eqs.  (5)  and  (6)  gives  the  equations 

vD  =  v0(D-u)  (9) 

v0p  =  Du  =  D’  (i  —  —  )  <10! 

vo 

which  show  that  the  Rankine-Hugoniot  jump 
conditions  are  satisfied  everywhere  in  the 
steady-state  region.  We  can  now  state  an  im¬ 
portant  flow  property  based  on  curves  of  cons¬ 
tant  u  that  is  used  in  our  analysis: 

In  a  'egion  of  the  (t-h)  plane  where  the 
curvet'  of  constant  u  are  parallel  straight 
lines  the  flow  has  attained  a  steady-state 
and  satisfies  the  Rankine-Hugoniot  jump 
conditions. 

We  now  consider  the  flow  in  the  unsteady 
region,  use  the  subscript  s  to  denote  quantities 
at  the  end  of  the  steady-state  zone,  and  write 
Eqs.  (2)  and  (3)  respectively  as, 

P  ~  Ps  =  Qo  JU  Cu  (u,t)du  (11) 

us 

v  -  Vq  =  -  vn  C1  /  dt(u,h)  *  du  (12) 
'u9  '  3h  fu 

Partially  differentiating  Eq.  (11)  with  respect  to 
t  and  Eq.  (12)  with  respect  to  h  gives  the 
equations, 


/  Ov  ’ 

t  rU 

/  32t\ 

l  3h- 

‘  V°  J»s 

(ah •/„ 

(14) 

with 

( 8,t) = 

-  (a‘h) 

(15) 

'  3h2  'u  u 

'  3t2/u 

from  the  chain  rule.  We  first  consider  the 
simplest  case  when  the  curves  of  constant  u  in 
the  unsteady  region  are  nuupttrallel  straight 
lines.  Then,  (32t/3h2)u  =  (32h/3t2)u  =  0,  and  it 
follows  from  Eqs.  (13)  and  (14)  that  (3p/3t)u  = 

( 3  v/  3  h)u  =  0.  We  can  now  state  another  impor¬ 
tant  flow  property  of  release  waves  based  on 
curves  of  constant  u: 

In  a  region  of  the  (t-h)  plane  where  the 
curves  of  constant  u  are  nonparallel 
straight  lines  the  pressure  and  specific 
volume  are  only  functions  of  u. 

Moreover,  because  p  =  p(u),  v  =  v(u),  and  p  = 
p(v),  the  paths  of  all  the  particles  in  the  re¬ 
lease  wave  are  represented  in  the  (p-u),  (v-u),  and 
(p-v)  planes  by  single  curves  that  pass  through 
the  state  at  the  end  of  the  steady-state  region. 

In  this  paper,  a  detonation  will  be  called  ideal 
when  the  particle  velocity  contours  in  its  release 
wave  are  straight  lines,  otherwise  it  will  be 
called  non-ideal. 

We  now  consider  nonideal  detonation  ex¬ 
hibiting  particle  velocity  contours  with  a 
positive  second  derivative.  In  this  case, 
OR/Sh^u  >0,  and  it  follows  from  Eqs.  (15)  and 
(13)  that  (3p/3t)u  >  0.  Thus  the  pressure  is  a 
function  of  u  and  h,  p  =  p  (u,h),  and  the  particle 
paths  in  the  release  wave  are  represented  in  the 
(p-u)  plane  by  a  family  of  curves  passing 
through  (ps,  us).  Because  (3p/3h)u  >  0,  the 
release  curve  for  the  particle  with  Lagrange 
coordinate  h  +  6  h  lies  above  the  release  curve 
for  >he  particle  with  the  Lagrange  coordinate 
h.  The  corresponding  representation  in  the  (p- 
v)  plane  is  obtained  from  the  following  equation 
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with  Cp  =  (3h/dt)p  which  will  not  be  derived 
here.  Because  Cp  >  0,  it  follows  from  Eqs.  (15) 
and  (16)  that  (3v/3h)n  >  0  when  (32t/3h2)u  >  0 
and  it  follows  from  the  identity, 


that  (3p/3h)v  >  0  in  the  release  wave  because 
(3p/3v)h  <  0.  Thus  p  =  p  (v,h)  and  the  particle 
paths  in  the  release  wave  are  represented  in  the 
(p-v)  plane  by  a  family  of  curves  passing 
through  (ps,  vs).  Because  ( 3 p/3 h)v  >  0,  the 
release  curve  for  a  particle  with  Lagrange  coor¬ 
dinate  h  +  6  h  lies  above  the  release  curve  for 
a  particle  with  Lagrange  coordinate  h.  We  can 
now  state  another  property  of  our  nonideal 
detonation. 

When  the  curves  of  constant  u  are  not 
straight  lines  in  a  region  of  the  (t-h)  plane 
adjacent  to  a  constant  state  s,  Lagrange 
paths  in  the  (p-v)  plane  are  represented 
by  a  family  of  release  curves  passing 
through  (ps,  vs). 


D  =  (k  +  1)  uCJ  =  (k  +  1)  £cj 

k 

VCJ  =  -kJSL 
tJ  (k+1) 


(20) 


p 


CJ 


D2 

(k  +  1)  v0 


- - - - (O/j  (U/|  (AU|)  (U1U 


(19). 


We  finally  consider  -he  case  when  the  parti¬ 
cle  velocity  histories  exhibit  extrema  in  the 
unsteady  region  behind  the  wave  front.  In  the 
(t-h)  plane,  we  denote  the  locus  of  the  minima 
in  the  (u-t)  profiles  by  VV',  the  locus  of  maxima 
by  PP',  and  let  and  denote  their  respec¬ 
tive  slopes.  Then  the  equations  for  the  direc¬ 
tional  derivatives  of  u  and  u  =  ( 3u/9  t)h  along 
VV'  and  PP'  give  the  equations, 


4  =  Sq  =  \3uldh)  t 
(3u/3t)^ 

=  Vo  <9’p/3h2)t 
(32u/3t2)  h 


(21) 


Because  such  a  family  of  curves  in  the  (p-v) 
plane  is  associated  with  entropy  changes  in  the 
flow,  we  intuitively  assume  that  nonstraight 
curves  of  constant  u  arise  because  of  reaction 
in  the  unsteady  flow  but  this  assumption  is  not 
verified  here. 

When  the  steady-state  region  in  our  shock- 
induced  flow  represents  the  reaction  zone  in  a 
CJ  detonation,  we  can  replace  the  subscript  s 
by  the  subscript  CJ  and  write  the  sonic  condi¬ 
tion  along  the  line  of  constant  u  at  the  end  of 
the  steady  reagion  as 

D  "  ucj  =  cCJ  <18> 

where  c  denotes  the  sound  speed.  To  describe 
the  CJ  state  it  is  convenient  to  introduce  the 
adiabatic  exponent  k  and  define  the  CJ  sound 
speed  by  the  equation 

c2CJ  =  k(pv)CJ  (19) 

Then,  the  following  equations  relating  CJ 
parameters  at  the  end  of  the  reaction  zone, 


V  A 

where  it  is  understood  that  S^,  and  are 
associated  respectively  with  positive  and 
negative  values  of  ( 3  2u/ 3 1%.  When  ( 3  u/ 3  h)t  ? 
0,  Eq.  (4)  shows  that  (3t/3h)u  becomes  infinite 
when  (3  u/ 3 1)  becomes  zero.  Thus  when  >  0, 

>  0,  and  ( 3  ul  d  t)  a  #  0,  the  curves  of  constant 
u  in  the  (t-h)  plane  nave  a  vertical  slope  where 
they  intersect  VV'  and  PP'.  Furthermore,  when 

>  0,  and  >  0,  ( 3  2p/ 3  h2)t  has  the  same  sign 
as  (32u/3t2)h  ,  and  (3W3h)t  has  the  same  sign 
as  (3u/3t)y.  Thus,  the  locus  of  minima  and  the 
locus  of  maxima  in  the  pressure-Lagrange 
distance  plane  lie  along  VV '  and  is  greater 
than  zero.  It  follows  from  Eq.  (21)  that  (3u/3h)t 
=  0  along  VV'  and  the  directional  derivatives 
for  (3u/3t)h  and  (3u/3h)t  along  VV'lead  to  the 
equation, 


g.  =  (32u/3t% 
(32u/3h2)t 


(22) 


which  shows  that  (32u/3h2)t  >  0  along  VV'. 
Thus  the  minima  in  the  particle  velocity- 
Lagrange  distance  profiles  also  lie  on  V V '  when 
u  is  constant  along  VV'  and  the  slope  of  VV’  is 
positive. 
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DETONATION  STUDIES  OF 
BASELINE  EAK,  PRILL-CAST  EAK, 
AND  EAKL 

Two  experiments  were  performed  with  all 
three  explosives  to  obtain  the  particle  velocity 
data  required  to  determine  their  detonation 
parameters  in  a  Lagrange  analysis.  The  baseline 
EAK  experiments  were  labeled  Shot  1  and  Shot 

r>  ll,  «  1  i  f  •’  A  V  AM  ^  ]  nLnln/1 
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Shot  5  and  Shot  6,  and  the  EAKL  experiments 
were  labeled  Shot  7  and  Shot  8.  All  the  ex¬ 
plosive  targets  were  nominally  10  inches  in 
diameter  and  were  characterized  by  Los  Alamos 
National  Laboratory  (LANL)  under  the  direc¬ 
tion  of  A.P.  Torres  and  J.A.  Sanchez.  Addi¬ 
tional  control  targets  were  cast  from  the  same 
melts  to  provide  specimens  for  the  composition 
and  density  analysis. 

The  EAK  in  the  baseline  targets  was  creamed 
during  the  melt  preparation  operation  and  in  the 
control  target  had  an  average  composition 
47.22/44.99/7.79  by  weight,  and  an  average  den¬ 
sity  of  1.608  g/cm3.  The  prill-cast  EAK  control 
target  had  an  average  density  of  1.563  g/cms 
and  its  composition  was  assumed  to  be  the  same 
as  the  baseline  EAK  control  target.  The  EAKL 
control  target  had  an  average  composition 
38.60/38.13/7.69/15.57  by  weight  and  an  average 
density  of  1.578  g/cm3.  The  EAKL  targets  were 
made  with  “Tritonal-grade"  aluminum  and  the 
melt  was  creamed  before  the  aluminum  was 
added  to  prevent  settling. 

The  driver  system,  consisting  of  a  P-120  plane 
wave  lens,  a  2-inch-thick  cylindrical  pad  of  Com¬ 
position  B,  and  a  0.25-inch-thick  cylindrical  pad 
of  PMMA,  was  designed  in  conjunction  with  Dr. 
B.  G.  Craig  of  Eglin  Air  Force  Base. 

Particle  velocity  was  monitored  by  analog 
oscilloscopes  in  Shots  1  and  2,  by  analog  and 
digital  oscilloscopes  in  Shots  5  through  8,  and 
was  recorded  at  all  five  gage  positions  in  all 
three  explosives.  The  quality  of  the  records  is 
exemplified  by  the  oscillost  ope  traces  in 
baseline  EAK  from  Shot  2  shown  in  Figure  3, 
and  the  composite  plots  shown  in  Figures  4,  6, 
arid  8.  As  usual  we  observe  pertu-bations  on  the 
record  from  a  given  gage  when  downstream 
gages  enter  the  flow,  but  these  perturbations 
are  not  large  enough  to  interfere  with  data 
analysis  air1  are  useful  for  time  correlation  pur¬ 
poses.  Particle  velocity  histories  were  con¬ 


structed  from  the  data  recorded  by  the 
oscilloscopes  in  Shots  2  through  8  and  used  to 
construct  curves  of  constant  particle  velocity 
for  the  explosives  in  the  (t-h)  plane  but  space 
limitations  allow  only  a  selection  of  these  results 
to  be  presented  here.  These  data  will  be  in¬ 
troduced  as  required  in  the  following  discussion 
of  the  flows  observed  in  each  explosive. 
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Fig.  3.  EPV  gage  records  from  the  analog 
oscilloscopes  in  shot  2  (detonation  characteriza¬ 
tion  experiment ),  baseline  EAK 

All  oscilloscope  settings  are  0.5  V/division  ver¬ 
tical  and  1  ps/di vision  horizontal 

1.  Self-Sustaining  Detonation  in 
Baseline  EAK 

Our  discussion  is  based  on  the  composite  plot 
of  (u-t)  profiles  from  Shot  2  shown  in  Figure  4, 
and  the  curves  of  constant  u  constructed  from 
them  shown  in  Figure  5.  Histones  at  the  same 
gage  position  are  superposed  in  the  composite 
plot  for  comparative  purposes.  Comparison  of 
the  histories  at  a  given  gage  plane  shows  that 
the  histories  recorded  by  gages  in  the  same 
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Fig.  4.  Composite  plot  of  Lagrange  particle 
velocity  histories  from  the  analog  oscilloscopes 
in  Shot  2,  baseline  EAK 

plane  are  in  good  agreement.  Comparison  of  the 
histories  at  different  gage  planes  indicates  that 
the  detonation  velocity  wave  is  in  the  final 
stages  of  the  initiation  process  because  the  peak 
particle  velocity  increases  from  =  2.75  mm/ps 
to  3.00  mm/ps  and  the  detonation  velocity  at¬ 
tains  a  value  of  7.57  mm/ps  in  the  region 
spanned  by  the  gages.  The  structure  exhibited 
by  the  histories  at  the  last  three  gage  positions 
indicates  that  the  wave  is  supported  by  differ¬ 
ent  exothermic  reactions  propagating  at  mark¬ 
edly  different  rates  (10)  and  also  that  the  reac¬ 
tion  zone  may  not  have  attained  its  final  con¬ 
figuration  in  the  region  spanned  by  the  gages. 

Figure  5  shows  the  wave  front  as  Ff‘ ,  and 
the  curves  of  constant  u  plotted  from  u  =  2.7 
mm/ps  to  1.7  mm/ps  in  intervals  of  0.2  mm/ps 
with  an  additional  curve  at  u  =  2.1  mm/ps.  Ex¬ 
amination  of  these  curves  shows  that  the  flow 
in  FSS'F'  between  FF'  and  u  =  2.3  mm/ps  has 
attained  a  steady-state,  that  the  flow  in  SRR'S’ 
between  u  =  2.3  mm/ps  and  u  =  1.7  mm/ps  is 
unsteady,  and  also  that  the  flow  between  u  — 
2.3  mm/ps  and  u=  2.1  mm/ps  in  the  region 
spanned  by  the  second  and  fourth  gages  has  at¬ 
tained  a  psuedo-steady  state.  Moreover,  the 
positive  second  derivatives  exhibited  by  the 
curves  in  SRR'S  show  that  the  unsteady  flow 
is  not  a  Taylor  wave.  These  atypical  properties 
of  the  particle  velocity  field  demonstrate  either 


LAGRANGE  DISTANCE  (mm) 

Fig.  5.  Curves  of  constant  particle  velocity  in 
the  time-Lagrange  distance  plane  constructed 
from  the  Lagrange  particle  velocity  histories 
recorded  by  the  analog  oscilloscopes  in  Shot  2, 
baseline  EAK 

that  the  detonation  wave  is  nonideal  or  that  the 
initiation  of  the  reaction  zone  is  not  complete. 

Additional  evidence  that  the  formation  of  the 
reaction  zone  is  incomplete  however,  was  ob¬ 
tained  by  comparing  CJ  parameters  based  on 
the  assumption  that  SS' represents  the  CJ  state 
and  the  CJ  parameters  calculated  by  Kamlet’s 
semi-empirical  method  (11)  •  (13).  The  assump¬ 
tion  that  SS'  represents  the  CJ  state  gives  the 
following  set  of  CJ  parameters:  D  =  7.57 
mm/ps,  Uqj  =  2.3  mm/ps,  pCJ  =  280  kbar  and 
k  =  2.29.  Kamlet’s  method,  based  on  the 
assumption  that  EAK  with  a  nominal  composi¬ 
tion  46/46/8  by  weight  reacts  completely  with 
K  being  converted  into  KtC03,  gives  the  follow¬ 
ing  set  of  CJ  parameters:  D  =  7.58  mm/ps,  uCJ 
=  1.94  mm/ps,  p  =  236  kbar,  k  =  2.91.  This 
disagreement  between  the  two  sets  of  calculated 
CJ  parameters  led  us  to  conclude  that  FSS'F' 
does  not  represent  the  fully  developed  reaction 
zone  in  baseline  EAK,  and  consequently  no  CJ 
parameters  were  assigned  to  baseline  EAK. 
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2.  Self-Sustaining  Detonation  in  Prill-Cast 
EAK 

Our  discussion  is  based  on  the  (u-t)  profiles 
recorded  by  the  analog  oscilloscopes  in  Shots 
5  and  6  and  the  curves  of  constant  u  con¬ 
structed  from  them.  Histories  from  the  analog 
oscilloscopes  are  presented  because  they  are 
more  easy  to  compare  in  a  composite  plot  than 
those  recorded  by  the  digital  oscilloscopes.  A 
composite  plot  of  the  (u-t)  profiles  from  Shot  6, 
and  the  curves  of  constant  u  constructed  from 
the  (u-t)  profiles  recorded  in  Shot  5  are  shown 
respectively  in  Figures  6  and  7.  Figure  6  shows 
that  the  histories  recorded  by  the  gages  are  in 
good  agreement  except  at  the  first  and  last  gage 
positions,  and  that  the  flow  develops  into  a 
wave  with  an  average  peak  particle  velocity  of 
~2.6  mm4is  at  the  last  four  gage  positions  prop¬ 
agating  with  an  average  velocity  D  =  7.78 
mm/ps.  Examination  of  the  curves  of  constant 
u  constructed  from  Figure  6  shows  that  the 


Fig.  6.  Composite  plot  of  Lagrange  particle 
velocity  histories  from  the  analog  oscilloscopes 
in  Shot  6,  prill-cast  EAK 

flow  develops  at  the  second  gage  position  into 
a  wave  with  a  steady-state  region  from  u  ~  2.6 
ram/ps  to  u  =  1.9  mm/fis,  and  an  unsteady  state 
region  with  straight  curves  jf  constant  u  from 
u  =  1.9  mmlps  to  u  =  1.5  mmlps.  The  composite 
plot  of  the  (u-t)  liistories  from  Shot  5  shows  that 
the  histories  are  in  good  agreement  except  at 
the  first  two  gage  positions,  ai:d  that  the  flow 
develops  into  a  wave  witn  a  peak  particle 


velocity  of  ~  2.6  mm/gs  at  the  last  three  gage 
positions  propagating  with  an  average  veloci¬ 
ty  D  =  7.71  mmJps.  The  corresponding  curves 
of  constant  u,  plotted  from  u  =  2.3  mm/gs  to 
1.5  mmlgs  in  intervals  of  0.2  mmlps  with  an  ex¬ 
tra  curve  at  u  =  1.8  mmlgs,  and  the  wave  front 
FF'F",  are  shown  in  Figure  7.  Examination  of 
these  curves  shows  that  the  flow  is  unsteady  at 
the  first  two  gage  positions  and  develops  at  the 
third  gage  position  into  a  wave  with  a  steady- 
state  region  F'S'S"F"  from  u  ~  2.6  mmips  to  u= 
1.9  mm/ps.  and  an  unsteady  state  region 
S'R'R''F",  from  u  =  1.9  mmlps  to  u  =  1.5 
mmlps,  with  curves  of  constant  u  exhibiting  a 
positive  second  derivative.  Furthermore,  the 
shape  of  the  curves  in  S'R’R"F"  indicate  that 
they  will  become  straight  lines  as  the  flow 
develops.  This  was  the  observation  that 
motivated  the  construction  of  a  similarity  solu¬ 
tion  for  a  reactive  Taylor  wave  (14). 


LAGRANGE  DISTANCE  (mm) 

Fig.  7.  Curves  of  constant  particle  velocity  in 
the  time-Lagrange  distance  plane  constructed 
from  the  Lagrange  particle  velocity  histories 
recorded  by  the  analog  oscilloscopes  in  Shot  5, 
prill-cast  EAK 

We  are  now  in  a  position  to  discuss  the 
detonation  process  in  prill-cast  EAK.  We  first 
remember  the  observation  that  the  flow  is 
unsteady  in  Shot  5  at  the  first  two  gage  posi¬ 
tions  but  is  unsteady  in  Shot  6  at  the  first  gage 
position.  We  then  remember  the  observation 
that  the  curves  of  constant  u  indicate  that  the 
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unsteady  flow  behind  the  steady-state  region 
observed  in  Shot  5  may  develop  into  the  type 
of  unsteady  flow  behind  the  steady-state  region 
observed  in  Shot  6.  From  these  observations, 
we  conclude  that  the  flow  ohserved  in  Shot  5 
represents  an  earlier  stage  of  the  detonation 
process  than  che  flow  observed  in  Shot  6. 
Because  the  same  steady-state  region  is  ob¬ 
served  in  both  shots,  we  assume  that  it 
represents  the  fully  developed  reaction  zone  in 
the  explosive.  The  results  of  CJ  calculations 
support  this  assumption  and  lead  to  the  assign¬ 
ment  of  the  following  set  of  CJ  parameters  to 
prill-cast  EAK:  D  =  7.78  mm/ps,  uCJ  =  1.9 
mm/ps,  pc,  =  231  kbars,  vCJ  =  0.483  cms/g, 
k=3.09.  The  reaction  time  is  ~1  ps,  and  the 
shape  of  the  reaction  zone  indicates  that  the 
wave  is  supported  by  different  exothermic  reac¬ 
tions  with  different  rates. 
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Fig.  8.  Composite  plot  of  Lagrange  particle 
velocity  histories  from  the  analog  oscilloscopes 
in  Shot  7,  EAKL 

3.  Self-Sustaining  Detonation  in  EAKL 

Our  discussion  is  based  on  the  (u-t)  profiles 
shown  in  Figure  8  and  the  curves  of  constant 
u  shown  in  Figure  9.  Histories  from  the  digital 
rather  than  the  analog  oscilloscopes  were  used 
to  construct  Figure  9  because  they  cover  a 
larger  time  frame  and  consequently  exhibit 
more  features  of  the  complicated  flow  observed 
in  EAKL.  Although  the  writing  speed  of  the 
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Fig.  9.  Curves  of  constant  particle  velocity  in 
the  time-Lagrange  distance  plane  constructed 
from  the  Lagrange  particle  velocity  histories 
recorded  by  the  digital  oscilloscopes  in  Shot  8, 
EAKL 

analog  oscilloscopes  is  much  higher  than  that 
of  the  digital  oscilloscopes,  we  have  demon¬ 
strated  in  other  work  with  pulses  with  a  similar 
frequency  content  that  the  histories  recorded  by 
both  types  of  oscilloscopes  agree  to  within  1  -2 
percent.  Comparison  of  the  histories  at  a  given 
gage  plane  showed  that  the  hi  stories  recorded 
by  gages  in  the  same  plane  are  in  relatively  good 
agreement  but,  as  expected,  do  not  agree  as  well 
as  those  recorded  in  the  other  two  explosives. 
Comparison  of  the  histories  at  different  gage 
planes  shows  that  the  wave  was  initially  over¬ 
driven  because  the  peak  particle  velocity  record¬ 
ed  by  the  first  two  gages  is  ~  2.5  mm/ps  while 
that  recorded  by  the  last  three  is  ~2.3  mm/ps. 
More  detailed  examination  of  the  (u-t)  histories 
recorded  by  the  digital  oscilloscopes  in  Shots  7 
and  8  reveals  that  they  exhibit  more  structure 
than  the  (u-t)  histories  recorded  in  baseline  and 
prill-cast  EAK  and  also  exhibit  minima  and 
maxima. 
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A  better  understanding  of  the  particle  veloci¬ 
ty  field  in  EAKL  is  obtained  from  Figure  9 
which  shows  the  wave  front  as  FF'jF",  the  locus 
of  maxima  in  the  (u-t)  profiles  as  PP”,  the  locus 
of  minima  as  VI V',  and  the  curves  of  constant 
u  with  values  from  2.2  mm//is  to  1.3  mm/ps.  The 
contours  with  values  of  1.6  mm/ps,  1.5  mm/^s, 
and  1.4  mmlfus  have  a  verticle  slope  where  they 
intersect  PP  ”  and  the  particle  velocity  gradient 
in  that  region  of  the  flow  is  negative.  VIV’  lies 
between  the  u  =  1.4  mm/^s  contours,  ZP”R  and 
ZSS',  and  the  value  of  u  along  IV’  has  a  con¬ 
stant  value  of  =1.25  uim/ns.  Thus,  IV' 
represents  a  locus  of  minima  in  the  (u-h)  and  (p- 
h)  profiles  and  the  particle  velocity  gradient  and 
the  pressure  gradient  are  negative  in  the  region 
above  IV'. 

Our  observation  from  the  peak  particle 
velocities  that  the  wave  is  originally  overdriven 
is  supported  by  the  shape  of  FF'F "  which  shows 
that  the  wave  velocity  decreases  between  the 
first  two  gages  before  it  attains  a  constant  value 
of  6.85  mm/gs.  Examination  of  the  contours  be¬ 
tween  FF'F"  and  ZSS'  shows  that  the  flow  at¬ 
tains  a  psuedo-steady  state  between  the  first 
two  gages  planes  before  it  develops  the  steady- 
state  region  F'SS'F"  between  the  third  and  fifth 
gage  planes.  Contours  between  the  second  and 
third  gage  planes  bend  away  from  the  wave 
front,  then  back  towards  it,  and  become  parallel 
again  at  the  third  gage  plane  as  the  steady-state 
is  formed.  Our  characterization  of  detonation  in 
EAKL  is  based  on  the  assumption  that  the  reac¬ 
tion  zone  is  fully  developed  and  represented  by 
FSS'F".  The  results  of  CJ  calculations  support 
this  assumption  and  lead  to  the  assignment  of 
the  following  CJ  parameters  to  EAKL:  D  = 
6.85  mm/gs,  Uqj  =  1.4  mm/ps,  p^j  =  151  kbar, 
Vqj  =  0.504  cm’/g,  k  =  3.89.  The  reaction  time 
is  =1.9  gs,  and  the  shape  of  the  reaction  zone 
indicates  that  the  wave  is  supported  by  dif¬ 
ferent  exothermic  reactions  with  different  rates. 

The  reaction  zones  in  EAKL  and  prill-cast 
EAK  thus  have  a  similar  structure  but  the  reac¬ 
tion  time  in  the  former  is  approximately  twice 
as  long  as  the  reaction  time  in  the  latter.  We 
also  conjecture  that  the  reaction  zones  in 
baseline  EAK  and  EAKL  are  formed  in  a 
similar  manner,  and  conclude  from  the  positive 
second  derivatives  exhibited  by  the  particle 
velocity  contours  in  Figure  5  that  the  first 
stages  in  the  development  of  the  reaction  zone 


in  baseline  EAK  are  observed  in  Shot  2. 

RESULTS  AND  CONCLUSIONS 

Multiple  Lagrange  particle  velocity  gage  ex 
periments,  designed  to  characterize  detonation 
in  baseline  EAK,  prill-cast  EAK,  and  EAKL, 
were  performed  and  sets  of  particle  velocity 
histories  were  recorded  in  their  self-sustaining 
detonation  waves.  Comparison  of  the  peak  par¬ 
ticle  velocities  recorded  by  sets  of  gages  show¬ 
ed  that  the  constant  velocity  shock  at  the  wave 
front  of  detonation  in  each  explosive  was 
formed  in  the  region  spanned  by  the  gages. 
Curves  of  constant  particle  velocity  in  the  time- 
Lagrange  distance  plane  were  constructed  from 
the  sets  of  particle  velocity  histories  to  map  the 
corresponding  particle  velocity  fields  and  deter¬ 
mine  their  steady  and  unsteady  zones.  The  par¬ 
ticle  velocity  fields  in  all  the  explosives  were 
found  to  exhibit  a  steady-state  zone  and  an 
unsteady  zone  containing  nonideal  particle 
velocity  contours  with  non-zero  second  deriva¬ 
tives. 

Calculations  of  CJ  parameters  from  the  par¬ 
ticle  velocity  gage  data  were  based  on  the 
assumption  that  the  observed  steady-state  zone 
in  the  particle  velocity  field  represents  the  ful¬ 
ly  developed  reaction  zone  in  the  explosive.  In 
this  case,  the  initiation  of  self-containing 
detonation  is  complete,  the  particle  velocity  at 
the  end  of  the  steady  zone  is  the  CJ  particle 
velocity,  and  knowledge  of  the  detonation 
velocity  and  the  initial  density  is  sufficient  to 
calculate  other  CJ  parameters  in  the  explosive. 
CJ  calculations  with  the  particle  velocity  gage 
data  led  to  the  conclusion  that  the  reaction 
zones  in  prill-cast  EAK  and  EAKL  are  fully 
developed  and  resulted  in  the  assignment  of  CJ 
parameters  and  reaction  times  to  these  ex¬ 
plosives.  CJ  parameters  were  not  assigned  to 
baseline  EAK  however,  because  the  calculated 
values  were  compared  to  those  calculated  from 
Kalmet’s  semi-empirical  method  and  found  to 
be  theoretically  unacceptable.  We  concluded 
from  this  comparison  that  the  reaction  zone  in 
baseline  EAK  is  not  fully  developed  in  the 
region  spanned  by  the  gages.  Similarities  be¬ 
tween  the  particle  velocity  contours  exhibited 
by  EAKL  in  the  region  where  the  reaction  zone 
is  formed  and  those  exhibited  by  baseline  EAK 
in  the  region  spanned  by  the  gages  also  support 
this  conclusion. 
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Properties  of  the  reaction  zones  determined 
in  our  detonation  study  set  the  time  scales  for 
the  exothermic  reactions  supporting  self- 
sustaining  detonation  in  EA  based  explosives 
and  lead  to  a  better  understanding  of  the 
detonation  process  in  nonideal  explosives.  Both 
reaction  zones  contain  two  regions  with  marked¬ 
ly  different  decelerations.  The  particle  velocity 
drops  rapidly  from  its  peak  value  at  the  wave 
front  in  the  first  region,  and  then  drops  more 
gradually  to  the  CJ  point  in  the  second.  Because 
both  reaction  zones  have  a  similar  structure  at¬ 
tributed  to  different  exothermic  reactions  with 
different  rates,  we  conclude  that  the  exothermic 
reactions  associated  with  ethylenediamine 
dinitrate  (E)  occur  primarily  in  the  first  region 
and  that  the  slower  exothermic  reactions 
associated  with  the  other  explosive  components 
occur  primarily  in  the  second.  The  fact  that  the 
ratio  of  the  reaction  times  in  EAKL  and  prill- 
cast  EAK  is  two  to  one  is  taken  as  direct 
evidence  that  aluminum  (L)  burns  in  the  reac¬ 
tion  zone  and  supports  the  propagation  of 
detonation  in  EAKL. 

Our  conclusion  that  the  reaction  zone  is 
formed  in  prill-cast  EAK  and  EAKL  but  not  in 
baseline  EAK  leads  us  to  discuss  the  factors 
governing  the  initiation  of  the  reaction  zone  in 
our  EA  based  explosives.  This  discussion  is 
based  on  the  premise  that  the  time  scale  for  the 
initiation  of  the  reaction  zone  in  an  explosive 
depends  upon  the  time  scales  of  the  exothermic 
reactions  supporting  the  flow.  In  this  case, 
because  the  reaction  times  in  our  EA  based  ex¬ 
plosives  are  an  order  of  magnitude  greater  than 
those  in  ideal  explosives,  we  expect  this  initia¬ 
tion  process  to  take  longer  in  EA  based  ex¬ 
plosives  than  in  ideal  explosives  and  exhibit 
more  features.  Furthermore,  because  the  faster 
exothermic  reactions  are  assumed  to  equilibrate 
with  the  hydrodynamic  flow  before  the  slower 
ones,  we  expect  the  region  of  the  reaction  zone 
associated  with  the  faster  reactions  to  be 
formed  before  the  region  associated  with  the 
slower  ones.  Because  the  formation  of  the  reac¬ 
tion  zone  in  EAKL  supports  these  expectations 
and  the  formation  of  the  reaction  zone  is  com¬ 
plete  in  prill-cast  EAK  but  not  in  baseline  EAK, 
we  conclude  first  that  the  steady-state  zone 
observed  in  baseline  EAK  is  associated  with  the 
decomposition  of  ethylenediamine  diuitrate  (E), 
and  second  that  the  exothermic  reactions 


associated  with  ammonium  nitrate  (A)  proceed 
faster  in  prill-cast  EAK  than  in  baseline  EAK. 

Other  unusual  features  of  the  detonation  pro¬ 
cess  in  our  EA  based  explosives  are  demon¬ 
strated  by  the  atypical  properties  of  the  parti¬ 
cle  velocity  contours  in  the  unsteady  flow 
regions.  The  non-zero  second  derivatives  ex¬ 
hibited  by  these  contours  in  prill-cast  EAK  and 
EAKL  indicate  that  exothermic  reactions  con¬ 
tinue  behind  the  reaction  zones  in  these  ex¬ 
plosives.  The  shape  of  these  curves  in  prill-cast 
EAK  suggests  that  the  fully  developed  detona¬ 
tion  wave  in  prill-cast  EAK  consists  of  a  steady- 
state  reaction  zone  followed  by  a  reactive  Taylor 
wave.  The  remarkable  differences  between  the 
particle  velocity  fields  in  EAKL  and  prill-cast 
EAK,  demonstrated  by  their  particle  velocity 
contours,  are  taken  as  evidence  that  aluminum 
(L)  continues  to  burn  behind  the  reaction  zone 
in  EAKL  and  strongly  influences  the  ensuing 
hydrodynamic  flows  in  the  release  wave. 

We  conclude  that  the  multiple  Lagrange  gage 
techniques  presented  in  this  paper  provide  the 
means  to  characterize  and  develop  a  better 
understanding  of  the  detonation  process  in  non¬ 
ideal  explosives. 
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DISCUSSION 

MARTIN  SUMMERFIELD,  Princton 
Combustion  Research  Laboratory,  Inc. 

How  sensitive  is  the  deduced  chemical  reac¬ 
tion  rate  in  the  detonation  wave  to  the  par¬ 
ticular  choice  of  the  equation  of  state? 

REPLY  BY 

MICHAEL  COWPERTHWAITE 

As  far  as  I  know  this  question  has  not  been 
addressed  directly.  Workers  at  Los  Alamos 
have,  however,  addressed  a  related  problem  and 
have  shown  in  machine  calculations  that 
Lagrange  particle  velocity  histories  are  not 
significantly  changed  by  changes  in  the  equa¬ 
tion  of  state  when  the  energy  release  rate  is  kept 
constant. 
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DETONATION  REACTION  ZONE  STUDIES  ON  TATB  EXPLOSIVES 


W.  L.  Seitz,  H.  L.  Stacy,  and  Jerry  Wackerle 
Los  Alamos  National  Laboratory 
Los  Alamos,  NM  87545 


Interface  velocity  histories  between  heterogeneous  detonating  ex¬ 
plosives  and  transparent  windows,  separated  by  a  thin  (13  pirn) 
aluminum  shim,  have  been  obtained  with  an  image  intensified 
rotating-mirror  streak  camera  and  a  Fabry-Perot  velocity  interferom¬ 
eter  system.  Seven  TATB-based  explosives  were  studied  with  PMMA 
windows  for  typically  three  charge  lengths.  Two  of  the  explosives 
were  also  studied  with  LiF  windows.  In  each  case  a  non-steady 
detonation  was  observed,  with  each  increasing  charge  length  show¬ 
ing  a  corresponding  increase  in  the  interface  velocity  histories.  Time 
resolution  and  velocity  error  are  estimated  to  be  about  6  ns  and  2% 
respectively.  Numerical  simulations  for  one  of  the  explosives,  for 
which  a  shock-strength  modified  Arrhenius  rate  law  (DAGMAR)  and 
an  assumed  equation  of  state  (HOM)  had  been  previously  calibrated 
with  shock  initiation  gauge  data,  gave  good  agreement  with  the  ex¬ 
perimental  velocity  histories. 


INTRODUCTION 

The  detonation  reaction  zone  in  heterogen¬ 
eous  explosives  has  been  the  subject  of  many 
research  studies.  Numerous  experimental 
techniques  such  as  the  plate-push  (1),  electro¬ 
magnetic  gauge  (2).  rate  stick  (3),  Fabry-Perot 
interferometer  (4),  and  ide-angle  Michelson  in¬ 
terferometer  (5)  have  been  used  in  an  attempt 
to  obtain  CJ  detonation  pressures,  detonation 
reaction  zone  thicknesses,  spike  pressures,  and 
other  details  of  the  detonation  process.  In  spite 
of  the  considerable  research  on  the  subject 
many  unanswered  questions  concerning  the 
flow  in  the  reaction  zone  remain. 

We  describe  in  this  paper  an  experimental 
study  of  the  detonation  reaction  zones  of  seven 
TATB-based  explosives  by  measuring  the  inter¬ 
face  velocity  histories  between  the  detonating 
explosives  and  transparent  windows,  separated 
by  a  thin  (13  pm)  aluminum  shim,  with  a  Fabry- 
Perot  velocimeter  system.  The  seven  explosives 
were  a  fine  and  coarse  lot  of  PBX  9502  (95/5 
weight  percent  TATB/Kel-F),  PBX  9503 
(80  15  5  weight  percent  TATB/HMX/Kei-F), 
X-0407  (70/25/5  weight  percent  TATB/PETN,' 


Kel-F),  and  three  particle-size  distributions  of 
1.8-g/cm3  (7  Vo  porous)  TATB  (so  called  stand¬ 
ard  grind,  superfine,  and  micronized). 

Numerical  simulations  of  the  interface  veloci¬ 
ty  histories  for  the  1.8-g/cm3  superfine  TATB 
using  a  shock-strength  modified  Arrhenius  reac¬ 
tion  rate  law  (DAGMAR)  and  an  assumed  equa¬ 
tion  of  state  (HOM)  that  had  been  previously 
calibrated  to  Manganin-gauge  data  (6)  are  also 
presented  and  found  to  be  m  good  agreement 
with  experiment. 

EXPERIMENTAL 

An  image-intensified  rotating-mirror  streak 
camera  and  a  Fabry-Perot  velocity  interferom¬ 
eter  system  (7)  were  used  to  measure  interface 
velocity  hisotries  between  detonating  explosive 
samples  and  transparent  windows.  A  13-pm 
aluminum  shim  was  placed  between  the  ex¬ 
plosive  and  window  to  provide  a  reflective  sur¬ 
face.  Experiments  were  performed  with  PMMA 
windows  for  typically  three  charge  lengths  of 
13,  25,  and  50  mm  for  seven  explosives.  LiF  win¬ 
dows  were  used  for  experiments  on  the  fine  lot 
of  PBX  9502  and  1.8-g/cm3  superfine  TATB 


with  charge  length  of  13  and  25  mm.  All  ex¬ 
periments  were  driven  with  a  P-40  planewave 
lens,  25  mm  of  Composition  B,  and  10  mm  of 
6061  aluminum  as  shown  in  Fig.  1.  This  driv¬ 
ing  system  was  chosen  to  give  a  relatively 
prompt  initiation  of  detonation  (less  than  2  mm 
of  run)  for  each  of  the  seven  explosives,  without 
having  an  overdriven  detonation.  Planarity  of 
the  initiating  wave  was  about  40  ns.  A  diameter/ 


|* -  102  mm - 

Fig.  1.  typical  configuration  for  explosive 
driver  and  target  system 

length  ratio  of  2  or  greater  was  used  to  avoid 
edge  effects.  Experiments  were  carefully  con¬ 
structed  to  hold  necessary  tolerances.  Initial 
temperatures  were  controlled  at  20  ±  1  °C.  All 
PMMA  windows  were  constructed  from  Rohm 
and  Haas  type  II  UVA  Plexiglas  with  a  densi¬ 
ty  of  1.136  ±  0.001  g/cm3  The  LiF  windows 
were  X-cut  single  crystals. 

A  schematic  of  the  Fabry-Perot  inter¬ 
ferometer  system  (8,9)  is  shown  in  Fig.  2.  The 
laser  was  a  12-watt  (all  lines)  Spectra-Physics 
Model  171-07  argon-ion,  which  was  operated 
single  frequency  at  514.5  nm  with  an  output 


Fig  2  Schematic  of  the  Fabry-Perot  interfero¬ 
meter  system 


power  of  about  3  watts.  The  laser  beam  was  sent 
to  the  target  and  the  reflected  light  from  the 
target  (which  had  been  carefully  prepared  to 
produce  diffuse  reflections)  was  collimated  with 
lens  LI  and  directed  to  the  Fabry-Perot  inter¬ 
ferometer.  A  cylindrical  lens  L2  positioned  just 
before  the  interferometer  converged  the  beam 
in  one  direction.  Fringes  produced  by  the  Fabry- 
Perot  were  focused  onto  the  camera  slit  with 
lens  L3.  By  using  a  cylindrical  lens  to  converge 
the  beam  in  only  one  direction,  constructive  in¬ 
terference  fringes  appear  as  dot  pairs  at  the 
camera  slit,  rather  than  the  usual  rings  pro¬ 
duced  by  a  Fabry-Perot.  Considerable  intensi¬ 
ty  gain  is  attained  by  using  the  cylindrical  lens. 
Typically  the  focal  length  of  lens  L2  was  chosen 
to  produce  about  4  fringe  pairs. 

A  Burleigh  Model  RC-110  Fabry-Perot  inter¬ 
ferometer  with  50.8-mm-diameter  mirrors  was 
used.  The  mirrors  were  flat  to  within  A/200  with 
reflectivities  of  93%. 


Static  It**  Roi<ji*vj 
Mil  10* 


Fig.  3.  Schematic  of  rotating  mirror  streak 
camera  (I’RMC) 

Figure  3  shows  the  image-intensified  rotating- 
mirror  streak  camera  (PRMC).  A  40-mm-diam- 
eter  International  Telephone  and  Telegraph 
image-intensifier  tube  (10)  and  a  high  aperture 
lens  (f/2.5)  were  mounted  such  that  the  image 
formed  at  the  streak-camera  film  plane  was  pro¬ 
jected  onto  the  image-intensifier  tube.  A 
magnification  of  1.36  was  used  between  the 
streak-camera  film  plane  and  the  image-inten¬ 
sifier  tube.  The  writing  speed  at  the  intensifier 
tube  was  about  21  mmlps. 


124 


A  Doppler  shift  in  wavelength  of  the  reflected 
laser  light  resulting  from  target  mo;ion,  begin¬ 
ning  at  shock  arrival  time,  produces  a  cor¬ 
responding  shift  in  fringe  spacing.  For  cur 
choice  of  window  materials,  target  interface 
velocities  are  related  to  fringe  spacing  by  (7) 


RESULTS 

Figure  5  shows  typical  scatter  and  a  func¬ 
tional  fit  to  the  data  for  the  fine  PBX  9502.  The 
purely  empirical  functional  form, 

V  =  ae~bt  -  ct  +  d,  (2) 


V  = 


cA 

4L(l+k) 


[ 


Crn-d’. 

dr.+l-c*n 


(1) 


where  c  is  the  velocity  of  light  in  vacuum,  A  is 
the  initial  wavelength  of  the  laser,  L  is  the 
Fabry-Perot  mirror  spacing,  (1  +  k)  is  the  correc¬ 
tion  factor  for  the  change  in  index  of  refraction 
for  the  window  material,  dn  and  dn+1  are  the 
distances  between  dot  pairs  for  the  n  and  n  +  1 
static  fringes,  and  dn+m  is  the  dynamic  fringe 
spacing  for  the  n  +  m  fringe.  The  number  of 
fringes  shifted,  m,  at  shock  arrival  time  must 
be  determined  from  some  previous  knowledge 
of  the  target  velocity  or  nominally  identical  ex¬ 
periments  musv  oe  performed  with  different 
fringe  constants  (cA/*lL).  In  the  present  work 
cA/4L  was  3.8  mm/ps/fringe  and  the  target 
velocities  were  known  to  within  one  fringe 
constant. 


Pig.  4.  Typical  streak  record  with  a  total  streak 

tirruy  r*f  /  Oii«j 
-  ~ ’  — r"‘ 


was  found  to  give  a  good  fit  to  the  velocity 
histories.  Due  to  a  strong  correlation  between 
constants  and  the  different  data  ranges  for  each 
experiment,  comparisons  between  specific  con¬ 
stants  for  the  various  explosives  are  not  mean¬ 
ingful.  For  times  greater  than  the  coverage  of 
the  data,  the  fit  predicts  arbitrarily  large 
negative  or  positive  velocities;  therefore,  ex¬ 
trapolations  outside  the  data  range  should  be 
avoided. 


Fig.  5.  Comparison  of  functional  form  with  ac¬ 
tual  data  for  fine  PBX  9502  with  PMMA 
window 


A  typical  streak  record  of  fringes  is  shown  in 
Fig.  4.  Streak  records  were  digitized  with  an  op¬ 
tical  comparator,  and  position  data  were  trans¬ 
formed  into  velocity  ;  and  times  with  equation 
(1)  and  the  known  camera  writing  speed.  Esti¬ 
mated  time  resolution  and  velocity  errors  were 
6  ns  and  2%,  respectively.  As  would  be  expect¬ 
ed,  the  reverberations  in  the  13-pm  aluminum 
shim,  estimated  to  be  about  5  ns,  were  not  re¬ 
solved.  All  times  are  referenced  to  3hock  arrival 
at  the  window.  Data  points  typically  read  such 
that  velocities  were  obtained  at  5-ns  intervals 
for  the  first  50  ns  and  at  20-ns  intervals  for  the 
remainder  of  °  record. 


Functional  fits  to  the  experimental  data 
points  for  the  seven  explosives  studied  are 
shown  in  Fig.  6.  A  tabulation  of  explosive  den¬ 
sities  and  functional  fit  constants  for  PMMA 
and  LiF  windows  are  given  in  Tables  1  and  2, 
respectively.  All  of  the  interface  velocity 
histories  have  the  common  feature  that  one  can¬ 
not  discern  an  outstanding  demarcation  that 
might  be  associated  with  attaining  a  Chapman- 
Jouguet  state.  This  condition  for  TAT'B-based 
explosives  and  others,  was  also  noted  in  Refs. 
(2)  and  (5).  An  additional  common  feature  of  the 
seven  explosives  studied  is  the  increase  in  in¬ 
terface  velocity  histories  with  increasing  ran 
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Fig.  6  Functional  fit  of  V  =  aebt  -  ct  +  d  to  measured  interface  velocity  histories  for  fine  PBX 
9502(a),  coarse  PBX  9502(b),  PBX  9503(c),  X-O-l-  7(d),  1.8  g/cm3  standard  grind  TATB(e),  1.8  ghnn3 
superfine  TATB(f),  and  1.8  gem3  micronized  TATB(g)  with  PMMA  windows,  and  for  fine  PBX  9502(h) 
and  1.8  g  cm7 superfine  TATB(i)  with  LiF  windows.  Arrows  show  calculated  VN  spike  and  CJ  in¬ 
terface  velocities 
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TABLE  1 

Initial  density  and  constants  for  the  empirical  fit,  V  =  ae'bt  —  ct  +  d,  for  the  explosive  con¬ 
figurations  with  PMMA  windows 


Explosive 

Material 

Charge 

Length 

(mm) 

Initial 

Density 

(g/cm3) 

a 

(mmlps) 

b 

(jJS'1) 

c 

(: mmJjus 2) 

d 

(mm/fts) 

PBX  9502(f) 

13 

1.893 

0.51474 

5.76843 

0.31886 

2.39794 

it 

25 

1.893 

0.39464 

9.57291 

0.41747 

2.59944 

♦  i 

50 

1.891 

0.76128 

2.65347 

-0.00616 

2.24753 

PBX  9502(c) 

13 

1.895 

0.44476 

9.85036 

0.48507 

2.50223 

1* 

25 

1.890 

0.28930 

9.87736 

0.53415 

2.67900 

50 

1.892 

0.27690 

12.69448 

0.51769 

2.74842 

PBX  9503 

13 

1.876 

0.48589 

11.82438 

0.42754 

2.46726 

25 

1.872 

0.47241 

6.49196 

0.33891 

2.53148 

50 

1.878 

2.49192 

1.12038 

-1.08401 

0.54019 

X-0407 

13 

1.859 

0.50022 

6.58338 

0.32477 

2.42810 

25 

1.858 

0.36162 

7.89929 

0.39056 

2.61543 

" 

50 

1.855 

0.39526 

6.12678 

0.33013 

2.67922 

Superfine 

13 

1.800 

0.52690 

6.00780 

0.24853 

2.29458 

25 

1.804 

0.52713 

6.23858 

0.18610 

2.34638 

*  * 

50 

1.780 

0.53345 

4.64913 

0.12170 

2.38598 

Std.  Grind 

13 

1.805 

0.57074 

4.26505 

0.17297 

2.23027 

•  » 

25 

1.807 

0.54894 

5.11110 

0.17268 

2.31207 

M 

50 

1.799 

0.56060 

4.39603 

0.11041 

2.35296 

Micronized 

13 

1.810 

0.56821 

6.02492 

0J6353 

2.26314 

" 

25 

1.803 

0.66430 

4.49368 

0.08306 

2  23083 

TABLE  2 

Initial  density  and  parameters  for  configurations  with  LiF  windows 


Explosive 

Materia' 

Charge 

Length 

(mm) 

-  r.  .T.  ,  ... 

Initial 

Density 

(g/cm3) 

a 

(mmlps) 

b 

f^S'1) 

c 

(mm/ps2) 

d 

(mm/fis) 

PBX  9502 

13 

1.893 

1.16244 

2.85397 

-0.67360 

0.79127 

25 

1.892 

1.15112 

2.79590 

-0.67165 

0.85717 

Superfine 

13 

1.796 

0.82673 

2.38543 

-0.21712 

0.94906 

25 

1.801 

0.65970 

3.99618 

-0.23873 

1.21643 

distances.  As  discussed  in  Ref.  (2),  this  is  in¬ 
dicative  of  a  failure  to  attain  a  steady  detona¬ 
tion  in  the  run  distances  of  the  experiments. 


SOME  CALCULATIONAL  RESULTS 

As  a  first  step  in  examining  the  data,  we  have 
calculated  impedance-match  solutions  for  the  in¬ 
terface  velocities  using  the  classical  Zeldovich- 
von  Neumann-Doering  (ZND)  model  of  a  steady 
detonation,  and  equation-of-state  representa¬ 
tions  of  the  unreacted  Hugoniot  and  fully  react¬ 
ed  products  in  common  use  at  Los  Alamos.  A 
typical  result  is  displayed  in  pressure-particle 
velocity  space  in  Fig.  7.  Here  the  right-hand 
solid  curve  is  the  unreacted  Hugoniot  for  the 
explosive,  the  left-hand  solid  curve  is  the  pro¬ 
ducts  isentrope  through  the  Chapman- Jouguet 
(CJ)  state,  and  the  dashed  line  connects  this 
state  with  the  von  Neumann  (VN)  spike  condi¬ 
tion  along  the  Rayleigh  line  of  slope  p0D  (where 
p0  is  the  initial  density  and  D  is  the  detonation 
velocity).  The  unreacted  Hugoniots  are  cast  in 
the  common  linear  shock  velocity-particle 
velocity  form  U=C+Su.  The  constants  C  and 
S  were  obtained  for  all  the  explcsives  by  least- 
square  fitting  to  initial  U-u  data  obtained  from 
explosives  wedge  experiments;  these  data  are 
obtained  mostly  at  states  well  below  the  CJ  con¬ 
dition,  and  typically  have  considerable  scatter. 
The  CJ  isentrope  is  calculated  with  a  Becker- 
Kistiakowskv-Wilson  (BKW)  equation  of  state 
(li).  These  calculations  are  generally  well- 
calibrated  to  measured  detonation  velocities 
and  Hugoniot  data. 


The  upper,  dotted  curve  of  Fig.  7  is  the 
calculation  of  the  reflected-shock  Hugoniot  and 
rarefaction  isentrope  for  the  unreacted  explo¬ 
sive,  determined  using  a  Mie-Gmneisen  equa¬ 
tion  of  state.  The  conditions  of  continuity  of 
pressure  and  particle  velocity  at  a  contact  sur¬ 
face  provide  a  prediction  of  the  initial  interface 
particle  velocities  at  the  intercept  of  the  dotted 
curve  with  the  Hugoniot  curves  for  LiF  (chain 
dotted)  and  PMMA  (chain  dashed).  In  the  con¬ 
text  of  the  ZND  model,  the  calculation  is  a 
legitimate  test  of  the  extrapolation  of  our 
unreacted  Hugoniots. 


The  “extended  impedance  match  solution” 
shown  by  the  lower  dotted  curve  is  less 
legitimate.  The  locus  is  a  reflection  of  the 
CJ  isentrope,  and  may  considerably  over¬ 
simplify  the  match  of  the  CJ  state  condition  in¬ 
to  a  window. 

The  interface  velocities  calculated  by  im¬ 
pedance-match  soluton  are  listed  in  Table  3, 
along  with  the  more  important  characterization 
constants.  Single  listings  are  given  for  PBX 
9502  and  1.8-g/cm3  TATB  because  we  have 
been  unable  to  discriminate  differences  in 
Hugoniot  data  for  different  particle  sizes  of 
these  two  compositions.  In  Fig.  6  the  calculated 
interface  velocities  are  indicated  by  arrows  for 
matching  into  the  VN  and  CJ  states.  The  VN 
points  are  reasonably  consistent  with 
observation. 

We  have  conducted  a  few  preliminary  com¬ 
putational  simulations  of  the  observed  reaction 
zones  with  our  modification  of  the  PAD  ID 
numerical  hydrocode  (12).  Fickett  has  pre¬ 
viously  shown  that  such  numerical  calculations 
introduce  spurious  small  amplitude  oscillations 
in  a  nominally  steady  reaction  zone  profile  (13). 
We  eventually  achieved  reasonably  smooth 
results  using  about  20  cells/mm,  a  linear  com¬ 
bination  of  linear  (Landshoff)  and  quadratic 
(Richtmeyer-von  Neumann)  artificial  viscosity, 
and  on  the  suggestion  of  Charles  Forest,  the  im¬ 
position  of  25%  of  the  compressive  artificial 
viscosity  on  rarefaction.  Although  these  arti¬ 
fices  were  less  than  satisfying,  they  were  found 
to  give  PAD  calculations  of  steady  detonation 
reaction  zones  in  reasonable  agreement  with 
exact  calculations  of  reaction-zone  state  his¬ 
tories  as  they  evolve  along  the  Rayleigh  line.  We 
found  that  we  could  simulate  the  standard  driv¬ 
ing  system  described  earlier  using  31  mm  of 
Composition  B  with  the  “hot  start”  option  of 
PAD,  which  constructs  a  CJ  detonation  at  the 
explosive-alloy  interface  and  imposes  an 
analytic  formulation  of  the  Taylor  wave.  This 
configuration  was  used  to  drive  the  calculations 
of  the  experiments. 

In  this  paper,  we  report  only  our  most  suc¬ 
cessful  simulations,  for  1.8-g/cm3  superfine 
TATB,  for  which  we  had  previously  used 
embedded-gauge  data  to  develop  an  empirical 
reaction-rate  correlation  (6).  this  correlation  was 
developed  using  the  HOM  equation  of  state  (11), 
which  assumes  the  unreacted  explosive  and 
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Fig.  7.  Impedance-match  solutions  for  interface 
velocities 

products  state  equations  described  earlier,  ideal 
mixing  of  specific  volume  and  internal  energy 
of  the  two  constituents,  and  that  the  two  phases 
are  in  pressure  and  temperature  equilibrium. 
We  used  both  a  Newton’s  iteration  algorithm 
(14)  and  a  computer  subroutine  devised  by 
Charles  Forest  for  the  numerical  calculations. 

The  rate  correlation  calibrated  in  (6)  was  the 
"Direct  Analysis  Generated  Modified  Arrhen¬ 
ius  Rate,"  or  DAGMAR,  first  found  useful  for 
representing  PBX  9404  (15).  It  is  formulated, 

r  =  £*  =  Z0(l  -  A)  pn  e'T*rr,  (3) 

3t  s 

where  A  is  the  muss  fraction  reacted,  ps  the 
pressure  of  the  first  shock  at  a  given  mass  point, 
T  the  current  temperature  (calculated  in  the 
HOM  equation  of  state)  and  Z0,  n  and  T*  con¬ 
stants.  The  same  HOM  and  DAGMAR  con¬ 
stants  (Z0  =  0.0158,  n  =  2.61,  T*  =  1861  K, 
pressure  in  GPa)  as  employed  in  the  previous 
work  (6)  were  used  in  the  simulations.  Simula¬ 
tions  with  these  constants  indicated  a  21-GPa 
input  shock  and  approximately  a  1-mm  run 
distance  to  detonation,  which  is  consistent  with 
that  observed  for  1.8-g/cm3  TATB  (6).  The  deto¬ 
nation  incident  on  the  window  was  thus  fully 
initiated  and  self-supporting  for  all  thicknesses 
of  TATB. 

The  numerical  simulations  of  interface  velo¬ 
cities  were  performed  for  13-  and  25-mm 


thicknesses  of  TATB,  for  both  PMMA  and  LiF 
windows.  The  results  are  compared  with  data 
and  the  empirical  fitting  functions  in  Fig.  8.  The 
numerical  calculations  neglected  the  aluminum 
foil,  and  the  plotted  values  are  from  the  first 
computational  cell  in  the  windows.  Reaction 
histories  calculated  in  the  last  cell  of  the  ex¬ 
plosive  are  shown  as  dashed  lines  in  Fig.  8,  and 
serve  better  to  identify  the  calculated  reaction 
zone  durations.  Agreement  of  computed  and 
observed  particle  velocities  during  this  reaction 
time  is  generally  good;  disagreement  at  later 
times  could  be  the  result  of  our  failure  to  prop¬ 
erly  represent  the  driver  system  or  the  products 
equation  of  state,  or  both.  Some  test  calcula¬ 
tions  showed  that  the  velocity  histories  were 
not  extremely  sensitive  to  the  choice  of  rate  con¬ 
stants;  however,  calculations  with  Z0  multiplied 
or  divided  by  3/2  were  in  discernibly  poorer 
agreement  than  those  shown. 

DISCUSSION 

The  resolution  of  our  Fabry-Perot  laser 
velocimeter  appears  to  be  adequate  to  resolve 
the  relatively  wide  reaction  zone  in  TATB-based 
explosives.  As  was  concluded  in  a  previous 
study  on  one  of  these  explosives  (PBX  9502) 
with  a  better  time  resolution  (5),  detonation 
waves  in  all  the  explosives  we  studied  appear 
to  have  a  ZND  character.  Sharply  rising, 
unreactive  shocks  are  followed  by  decreasing 
particle  velocities,  pressures,  densities,  and  in¬ 
ternal  energies  through  the  reaction  zones.  This 
view  is  in  good  agreement  in  nearly  every  case 
with  the  impedance-match  solutions  for  the  VN 
spike  state;  where  agreement  is  not  as  good,  the 
imprecision  of  the  existing  Hugoniot  data  will 
admit  to  adjustment. 

The  experimental  profiles  for  the  seven 
explosives  are  rather  similar  in  character,  reflect¬ 
ing  the  fact  that  the  interface  velocity  measure¬ 
ments  are  not  highly  sensitive  to  modest 
changes  in  reaction  rates.  This  was  also  noted 
in  the  numerical  simulations.  Subtle,  unknown 
differences  in  reaction  rate  magnitudes  and  form, 
generally  associated  with  particle-size  distribu¬ 
tions,  are  much  more  manifest  in  high-pressure 
short-shock  experiments  (16)  and  detonation 
wave-spreading  observations  (17). 

With  sufficient  modification  of  the  PAD 
numerical  hydrocode,  we  were  able  to  simulate, 
reasonably  well,  the  velocity  histories  for  1.8- 
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TA3LE  S 

Explosive  Constants  and  Interface  Velocities 


UCJ 

(mmlps) 

D 

{mmlps) 

PMMA 

VN 

(mmJps) 

CJ 

(mm/ps) 

1.953 

DU 

3.1 

2.6 

NA 

HU 

2.9 

NA 

2.002 

7.773 

3.1 

2.7 

1.984 

7.552 

2.9 

2.6 

g/cm3  superfine  TATB  (the  one  TATB-based 
explosive  for  which  we  have  a  reaction  rate 
calibration).  The  previous  correlation  was  used 
without  modification,  despite  being  calibrated  at 
pressures  less  than  half  those  encountered  with 
the  detonation  incident  on  a  LiF  window.  In  fit¬ 
ting  the  individual  velocity  histories  at  different 
run  distances  numerical  calculations  succeeded 
in  simulating  the  non-steady  character  of  the 
detonation. 

In  part,  the  successful  simulation  actually  may 
result  from  the  properties  of  the  DAGMAR 
form.  In  particular,  this  rate  correlation  com¬ 
bines  multiplicative  factors  in  depletion,  shock 
strength,  and  current  state.  Such  a  form  has 
been  repeatedly  demonstrated  to  be  effective  in 
simulating  a  variety  of  shock  initiation  problems, 
and  is  beginning  to  be  characteristic  of  more 
physically-based  rate  forms,  such  as  Krakatoa 
(18)  and  the  explicit  hotspot  model  of  Johnson, 
Tang,  and  Forest  (14). 

In  simulating  detonations  colliding  with  inert 
windows,  DAGMAR  sets  the  ps  factor  with  the 
nearly  constant  VN  spike  pressure  before  the  col¬ 
lision,  and  thus  differs  from  a  simple-depletion 
rate  only  in  the  modification  due  to  the 
temperature  dependence.  With  our  HOM 
representation  for  1.8-g/cm1  TATB,  the  2050  K 
VN  spike  temperature  increases  about  12% 
through  a  detonation  reaction  zone,  increases 
15%  with  the  shock  reflected  from  a  LiF  window, 
and  decreases  10%  with  the  rarefaction  from 
PMMA.  These  conditions  lead  to  little  difference 
in  the  shape  of  the  rate  histories  for  PMMA  and 
LiF  windows  seen  in  Fig.  8.  with  the  higher  in¬ 
itial  rate  value  from  the  higher  impedance-match 
temperature  for  the  LiF  windows  being  the  most 
prominent  feature.  The  reaction  rate  histories  for 
each  of  the  calculated  cases  have  about  the  same 
150-ns  duration.  With  the  impedance-match  solu¬ 
tions  indicating  a  37-GPa  initial  pressure  for  the 
LiF  window  and  a  22-GPa  initial  pressure  for  the 
PMMA  window,  one  would  not  expect  to  obtain 
so  small  a  difference  in  rates  and  in  scaled  inter¬ 
face  velocity  histories  with  a  rate  form  strongly 
dependent  on  current  pressure. 

The  DAGMAR  and  HOM  representations 
also  have  properties  leading  to  numerical  simula¬ 
tions  without  a  distinct  CJ  point  in  the  velocity 


profile  and  an  increasing  interface  velocity  with 
run  distance,  as  are  consistently  observed.  Bdzil 
and  Davis  have  made  a  detailed  theoretical 
study  of  unsteady,  underdriven  detonation  (19). 
They  considered  an  explosive  which  is  driven  by 
a  two-step  heat-release  rate.  About  90%  of  the 
energy  release  is  fast;  the  remainder  is  slow. 
Their  analysis  shows  that  the  release  of  the  last 
10%  of  the  energy  is  what  controls  the  transients 
that  precede  the  establishment  of  steady  detona¬ 
tion.  The  physical  basis  for  their  results  can  be 
traced  to  a  simple  property  of  ZND  detonation; 
the  tangency  of  the  Rayleigh  line  and  totally 
reacted  Hugoniot  curve.  Because  of  the  tangen¬ 
cy  condition,  the  final  10%  of  the  energy  release 
controls  about  50%  of  the  pressure  profile  in  the 
reaction  zone.  In  addition,  the  flow  is  sonic  at 
the  point  of  tangency.  As  a  consequence,  the 
energy  released  near  the  end  of  the  reaction  zone 
is  transported  towards  the  shock  very  slowly. 
The  result  is  an  unsteady  detonation  wave  for 
run  distances  of  many  tens  of  reaction  zone 
thicknesses,  with  a  building  up  of  the  velocity 
histories  much  as  we  observe  and  simulate 
numerically.  In  our  case,  the  DAGMAR  first- 
order  depletion  factor  approaches  full  reaction 
asymptotically.  In  detonating  1.8-g/cm1  TATB, 
HOM  indicates  that  over  80%  of  the  reaction  oc¬ 
curs  in  less  than  50%  of  the  state  change  from 
the  VN  to  the  CJ  state,  characteristic  of  most 
solid  explosives.  Our  numerical  simulation  of 
unsteady  detonations  is  thus  a  natural  conse¬ 
quence  of  the  properties  of  our  rate  and  equation- 
of-state  form  and  the  general  characteristics  of 
an  almost  ZND  detonation. 

The  velocity  profiles  observed  in  the  other  six 
explosives  are  all  similar  to  those  for  1.8-g/cm1 
superfine  TATB.  They  could  probably  be 
simulated  with  a  rate  form  having  a  peak  value 
of  a  few  tens  of  reciprocal  microseconds,  a  first- 
order  depletion  factor,  and  very  little  other 
dependence  on  current  state.  To  extend  the  rate 
to  treating  initiation  problems  the  rate  should 
have,  like  DAGMAR,  more  current-state 
dependence  as  pressures  are  reduced. 
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DISCUSSION 

A  NEW  APPROACH  FOR  STUDYING  THE  EXPANSION  OF 
DETONATION  PRODUCTS 


Daniel  Steinberg  and  Henry  Chau 
Lawrence  Livermore  National  Laboratory 


Single-crystal  100  LiF  has  well-known  mechanical  and  optical  proper¬ 
ties.  Consequently,  it  has  been  used  for  many  years  as  a  window 
when  studying  inert  materials  via  the  velocimeter  technique. 
Because  of  its  close  impedance  match  to  detonating  HE,  we  have 
used  this  technique  to  probe  the  expansion  of  detonation  products. 
Our  data  on  LX14  clearly  show  the  Von  Neumann  spike  as  well  as 
many  other  structures  not  yet  identified.  The  best  estimate  for  the 
CJ  pressure  is  35.3  GPa. 


INTRODUCTION 

An  ideal  material  to  use  in  studying  the  equa¬ 
tion  of  state  of  HE  would  be  one  that  is  opti¬ 
cally  transparent  and  has  the  same  acoustic 
impedance  its  detonating  HE.  By  measuring  the 
HE/matcrial  interface  velocity  we  would,  in 
effect ,  be  measuring  the  material  velocity  of  the 
HE  along  the  CJ  adiabat.  This  kind  of  experi¬ 
ment  has  an  advantage  over  the  more  common 
metal-plate  acceleration  tests  because  the 
former  is  directly  related  to  the  CJ  adiabat 
itself,  while  the  latter  is  only  a  consequence  of 
the  adiabatic  expansion. 

Single-crystal  LiF  is  almost  the  ideal  materi¬ 
al;  its  acoustic  impedance  is  about  1()‘><  higher 
than  detonating  LX  14.  Furthermore,  LiF  has 
been  used  in  shockwave  studies  of  inert  materi¬ 
als  for  many  years  and  its  mechanical  and  opti¬ 
cal  properties  are  well  known  (1). 

In  this  paper,  we  will  show  the  results  from 
two  preliminary  experiments  using  this 
technique. 

PLAN  OF  THE  EXPERIMENT 

The  basic  experimental  configuration  is 
shown  in  Fig.  1.  The  HE  charge  for  the  first 
experiment  (9523)  had  a  machined  surface.  It 
was  bonded  to  the  aluminized  LiF  with  ordinary 


vacuum  grease  using  a  lead  brick  to  press  the 
two  together  for  about  4  hours.  The  mirror 
separation  in  the  Fabry-Perot  velocimeter  was 
7.01  mm,  implying  a  time  resolution  of  ~  2.3  ns. 
The  laser  wave  length  was  5145  A  and  the 
Imacon  camera  was  running  at  20  ns/mm. 
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Fig.  1.  Basic  experimental  configuration 

The  second  experiment  (9541)  had  a  pressed 
surface  and  the  bonding  time  v/as  increased  to 
about  12  hours.  The  mirror  separation  was 
14.015  mm  and  the  camera  was  again  running 
at  20  ns/mm. 

The  total  kinetic  energy  in  the  Mylar  initia¬ 
tor  was  only  about  1/3%  of  the  total  energy  of 
the  system  Numerical  simulations  of  the 


experiment  showed  that  the  initiator  had  a 
negligible  effect  on  the  results. 

DISCUSSION  OF  THE  DATA 

Fig.  2  shows  the  results  of  these  two  prelimi¬ 
nary  experiments.  Note  the  surpassed  zero.  The 
reproducibility  is  good;  the  differences  are  only 
1-2%.  While  there  is  a  lot  of  structure,  three 
points  in  particular  seem  to  stand  out.  The  first 
is  a  sharp  spike,  which  presumably  can  be  iden¬ 
tified  as  the  Von  Neumann  spike.  Following  this 
by  about  10-20  ns  is  a  small  increase  in  velo¬ 
city.  Finally,  there  is  a  ~75-ns-long  plateau  that 
ends  about  150  ns  after  the  shock  arrival. 


Fig.  2.  LiF/HE  interface  velocity  vs.  time  for 
two  preliminary  experiments 


The  small  second  bump  could  merely  be  a 
reflection  of  the  complicated  hydrodynamics  of 
the  Von  Neumann  spike  interacting  with  the 
LiF,  or  it  could  be  a  sign  of  late-time  chemical 
reactions.  There  is  also  a  question  about  what 
point  should  be  identified  as  the  CJ  point— is  it 
at  the  base  of  the  spike  or  perhaps  at  the  end 
of  the  plateau?  It  depends  on  what  size  we 
expect  the  reaction  zone  to  be.  The  best  esti¬ 
mate  of  CJ  pressure,  using  a  JWL  form  to  fit  the 
data,  is  35.3  GPa. 

More  work  remains  to  be  done.  The  LiF  crys¬ 
tals  were  5-ram  thick,  which  permits  only  500 
ns  of  observation  time.  This  is  only  enough  time 
to  drop  the  pressure  from  CJ  to  about  26  GPa. 
The  25-mm-thick  crystals  will  let  us  go  to  about 
10  GPa,  which  gives  good  overlap  with  cylinder 
expansion  data.  In  the  next  experiments  we  will 
use  highly  polished  HE  surfaces  and  mineral  oil 
to  fill  interface  gaps.  We  will  also  study  the 
effect  of  varying  charge  length  as  well  as 
examining  other  HE  such  as  PBX  9404  and 
TATB. 
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EXPERIMENTS  AND  NUMERICAL  SIMULATION 
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Using  a  Doppler  Laser  Interferometric  technique,  the  reactions  of 
shocked  but  not  detonated  HMX  and  TATB  based  explosive  charges 
are  studied.  Hydrodynamic  calculations  using  a  shock  initiation 
model  are  compared  to  the  experimental  results  obtained  in  the  TATB 
based  explosive.  The  model  is  improved  by  stopping  the  reaction 
below  40  kbar.  However  further  refinement  of  the  model  will  be  re¬ 
quired  to  well  describe  delayed  burning  reactions. 


INTRODUCTION 

The  majority  of  shock  initiation  experiments 
has  concentrated  on  the  trajectory  of  the  shock 
front  in  the  buildup  region  rather  than  reactions 
which  improve  behind  the  front.  T.P.  Liddiard 
( 1 )  was  first  interested  in  the  chemical  reactions 
when  PBX  9404  is  initiated  by  low  amplitude 
shock  waves  (5  to  15  kbar).  Another  kind  of  ex¬ 
periment  was  then  conducted  on  shocked  but 
not  detonated  PBX  9404  to  evaluate  the  energy 
release  rate.  Using  free  surface  velocity  tech¬ 
niques,  Craig  and  Marshall  (2)  and  Kennedy  et 
al.  13)  reported  significant  decomposition  for 
shock  waves  in  the  25  to  60  kbar  range.  More 
recently  the  reaction  buildup  in  PBX  9404  from 
low  amplitude  shock  waves  (4  to  14  kbar)  has 
been  studied  by  L  Green  et  al.  (4)  using 
Manganin  pressure  gauges  imDedded  in  146  mm 
diameter  by  1 14  mm  thick  PBX  9404  cylinders, 
which  allow  large  record  durations. 


With  the  use  of  insensitive  high  explosive  as 
TATB  based  explosive,  the  buildup  region  of 
shock  initiation  becomes  larger  and  makes  ex¬ 
periments  easier  to  conduct.  Most  of  them  use 
Lagrange  Analysis  (5).  (6).  This  type  of  experi¬ 
ment  describes  well  the  reactions  happening 
behind  the  shock  front  and  experimental  results 
are  very  useful  to  better  the  numerical  models 
of  shock  initiation  (7),  (8)  but  it  doesn’t  describe 
the  energy  deposition  from  shocked  explosive. 


This  paper  first  discusses  the  application  of 
a  Doppler  Laser  Interferometric  technique  to 
study  the  rate  of  energy  liberated  by  shocked 
explosive  charges.  Two  explosive  compositions 
are  of  concern:  the  first  one  consists  of  96  wt 
%  HMX  (Comp.  XI)*,  and  the  second  one  is  an 
insensitive  high  explosive  consisting  of  97  wt% 
TATB  (Comp.  T2)*. 

The  obtained  results  for  the  Comp.  T2  are 
compared  with  these  obtained  with  a  numerical 
model  developed  in  our  laboratory  and  called 
KRAKATOA  (9). 

EXPERIMENTAL  SET  UP 

Doppler  Laser  Interferometric  technique. 

A  method  to  accurately  determine  the  free 
surface  velocity  of  specimens  consists  in 
measuring  by  interferometer  techniques  the 
Doppler  shift  of  a  light  beam  reflected  by  the 
moving  surface,  and  several  apparatuses  have 
been  built  according  to  this  principle  (10),  (1 1). 
By  means  of  this  equipment  the  velocity  can  be 
derived  by  measuring  with  a  photodiode  or  a 
photomultiplier  the  intensity  of  the  light 
transmitted  through  the  interferometer.  The 
main  characteristic  of  our  apparatus  (12)  is  the 
use  of  a  Fabry-Perot  interferometer  together 
*  More  information  on  Comp.  XI  and  T2  is 

given  in  ref.  13. 


with  a  streak  camera  which  photographs  thc- 
variations  in  the  diameters  of  the  rings.  We 
measure  a  ring  diameter  rather  than  a  light  in¬ 
tensity,  which  involves  the  following 
characteristic  features. 

First,  of  great  importance  in  experiments 
with  high  explosives,  the  measurement  is  not 
very  altered  by  the  deterioration  of  the  free  sur¬ 
face  optical  properties  as  long  as  there  is  enough 
light  from  the  interferometer  for  photographic 
recording,  and  no  measurement  of  the  in¬ 
terferometer  output  power  is  needed.  Moreover, 
a  single  film  recording  enables  us  to  distinguish 
acceleration  from  deceleration  (two  in¬ 
terferometer  fringe  signals  in  quadrature  are 
needed  when  one  records  the  intensity  of 
tramsmitted  light)  and  data  reduction  is  easy. 

The  magnitude  of  error  on  the  velocity  accord¬ 
ing  to  experimental  conditions  is  in  order  of 
20  m/s. 


(appendix  1).  By  constructing  a  pressure- 
particle  velocity  plot  an  estimate  of  the  shock 
pressure,  Pj,  at  the  explosive-flyer  interface  can 
be  computed  from  the  initial  velocity,  Uj,  (see 
Figure  5). 
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EXPERIMENTAL  CONFIGURATION 
AND  RESULTS 

Comp.  XI: 

This  composition,  as  the  other  HMX  based 
HE,  is  shock  sensitive  and  so  low  amplitude 
shock  waves  are  necessary  to  observe  only  a 
delayed  detonation  in  a  charge.  In  our  ex¬ 
perimental  configuration  plane  shock  waves 
were  produced  in  200  mm  diameter  nnd  25  mm 
or  50  mm  thick  explosive  samples  by  the  impact 
of  a  steel  plate  which  was  accelerated  by  a 
detonating  charge  (see  Figure  1).  The  velocity 
of  the  impacting  steel  plate  was  always  1350 
m/s.  To  reduce  the  shock  intensity,  the  ex¬ 
plosive  charges  were  covered  by  multiple  layers 
of  metal  and  PMMA  as  shown  in  Figure  2.  The 
corresponding  input  shock  pressure  histories 
have  been  computed  before  being  verified. 
Figure  3  summarizes  them. 

Measured  particle  velocities  histories  from 
five  experiments  are  shown  in  Figure  4.  Each 
curve  corresponds  to  an  input  shock  pressure 
history  and  different  geometrical  conditions. 
The  Table  1  summarizes  the  experimental  con¬ 
ditions  corresponding  to  each  curve.  To  eas¬ 
ily  compare  the  reaction  of  an  explosive  charge 
in  two  different  experiments  we  define  a  mean 
decomposition  rate,  which  we  calculate  from 
the  terminal  velocity  of  the  flying  plate 
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Fig.  2.  Different  multiple  layers  to  reduce  input 
shock  intensity  in  the  explosive  samples.  The 
impacting  plate  is  in  steel,  1.9  mm  thick  and  its 
velocity  1350  m/s 


The  results  which  we  obtain  for  the  mean 
decomposition  rate  and  the  pressure  Pj  are 
summarized  in  Table  1. 
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Fig.  3.  Input  pressure  histories  on  the  tested  ex¬ 
plosive  samples  (The  curve  numbers  correspond 
to  the  scheme  number  of  the  Figure  2.) 


Fig  4.  Particle  velocity  histories  (see  Table  1 
for  corresponding  experimental  configurations) 


Fig.  5.  Determination  of  the  pressure  at  the  in¬ 
terface  explosive-driven  plate  (Pt)  from  the  in¬ 
itial  plate  velocity  (Uj) 

For  an  input  shock  pressure  of  about  18 
kbar  (curve  1— Figure  1)  the  pressure  grows  up 
to  60  kbar  in  a  25  mm  thick  charge.  This  shows 
us  a  longer  charge  will  detonate  under  the  same 
initiation  condition  (the  run  distance  correspond¬ 
ing  to  18  kbar  is  about  50  mm  for  Comp.  XI 
(13)).  The  explosive  charge  is  completly  decom¬ 
posed  and  the  final  velocity  of  the  flying  plate 
is  a  little  greater  than  the  one  we  should  observe 
in  a  25  mm  thick  detonating  charge,  but  it  is 
reached  later.  The  plate  is  so  propelled  more 
isentropically.  In  the  other  cases  the  charges 
don’t  completly  decompose.  The  decomposition 
rate  is  however  significant  for  an  input  shock 
pressure  of  about  12  kbar  (curves  2  and 
3— Figure  4),  and  it  would  be  probably  one  if  the 
diameter  charge  was  greater.  Indeed  for  a  200 
mm  diameter  charge  the  flow  is  no  more  one 
dimensional  on  the  axis  for  times  greater  t  (iuil 
30  ps.  The  chemical  reactions  are  quenched  by 
the  lateral  rarefaction  waves.  The  acceleration 
of  the  plate  observed  at  26  ps  is  due  to  the  shock 
wave  which  was  reflected  on  the  back  of  the 
charge.  The  curves  4  and  5  of  the  figure  4  cor¬ 
respond  to  more  complicated  input  shock 
pressure  histories  (see  curve  3— Figure  3).  The 
first  shock  intensity  is  about  2,6  kbar  and  it  is 
followed  by  5  kbar  and  9,5  kbar  shock  waves. 
We  don’t  observe  significant  decomposition  of 
the  25  mm  thick  charge  (curve  4— Figure  4)  but 
the  mean  decomposition  rate  of  the  50  mm 
charge  is  about  50%.  We  explain  the  difference 
by  constructing  a  time-distance  diagram  (see 
figure  6).  The  first  shock  is  overtaken  by  the 
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TABLE  1 


Curve  Input  Pressure  Explosive 

Number  History  Curve  thickness 

(Fig.  4)  Number  (Fig.  3) _ (mm) 


1  25 

2  25 

2  50 

3  25 

3  50 


Driven  Plate 
thickness 
(mm) 

Pi 

(kbar) 

Global 
reaction 
rate  (%) 

1,77 

60 

77 

2,5 

16 

60 

5 

2,5 

20 

64 

2 

5 

15 

50 

following  shock  waves  in  a  distance  greater 
than  25  mm  but  smaller  than  50  mm.  In  this 
last  one  the  shock  reflected  on  the  steel  plate 
is  then  greater  and  the  decomposition  is  more 
important. 


0  10  20  30  40  50  *  (mra) 


Fig  6.  Time-distance  diagram  in  Comp.Xl  cor¬ 
responding  to  the  curve  number  3  of  the  Figure  4 

Comp.  T2: 

Experiments  have  been  conducted  on  Comp. 
T2  to  study  how  the  reflected  shock  inf  uences 
the  explosive  kinetics.  Plane  shock  waves  were 
produced  in  70  mm  diameter  charges  by  the 
same  generator  as  previously.  We  choose  the 
thicknesses  of  the  charges  so  that  the  rear  rare¬ 
faction  waves  overtake  the  shock  front  at  the 
explosive-flying  plate  interface.  To  use  another 
charge  thickness,  we  would  have  by  the  way  to 
change  the  thicknesses  of  all  the  material  to 
keep  this  property.  The  flying  plate  is  in  steel 
or  in  magnesium  to  have  different  reflected 
shock  intensities:  it  is  about  the  same  as  the 
incident  shock  with  magnesium  (96  kbar)  and 
about  180  kbar  with  steel. 

The  Figure  7  shows  the  experimental  set-up. 


The  corresponding  time-distance  diagram 
(Figure  8)  has  been  constructed  by  assuming  the 
explosive  as  an  inert  material.  The  shock 
pressure  histories  on  the  back  of  the  charge  are 
summarized  in  Figure  9. 
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Fig.  7.  Experimental  set-up 
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Fig.  8.  Time  distance  diagram 

Hydrodynamics  calculations  have  been  con¬ 
ducted  with  the  KRAKATOA  model  of  shock 
initiation.  This  model  is  able  to  deal  with  par¬ 
ticular  phenomena  like,  for  instance,  inhibition 


(see  append'-  ').  it  is  necessary  to  model  such 
experiments  jcause  of  the  reflected  shock.This 
model  is  calibrated  by  computing  the  run 
distance  to  detonation  as  a  function  of  shock 
pressure  and  has  been  successfully  tested  with 
short  shock  initiation  experiments  in  the 
pressure  range  100  kbar  to  200  kbar  (14).  Earlier 
computations  on  the  same  kinds  of  experiments 
have  shown  we  have  to  stop  the  decomposition 
whenever  the  pressure  in  the  flow  falls  below  40 
kbar.  If  we  don't  modify  the  rate  form,  the  ex¬ 
plosive  charge  burns  completely  and  the  ter¬ 
minal  plate  velocity  is  then  much  higher.  This 
artifice  doesn't  violate  the  decomposition  rate 
form  which  is  calibrated  above  75  kbar.  The 
computations  we  present  in  this  paper  have 
been  conducted  with  the  same  cut-off  pressure. 
The  same  kind  of  experiments  have  been 
simulated  by  C.L.  Mader  with  the  multiple 
shock  Forest  Fire  model  (15)  and  by  J.  YVackerle 
with  the  "Direct  Analysis  Generated  Modified 
Arrhenius  Kate"  IDAGMAK)  form  (16).  This 
latter  models  likewise  the  terminal  velocity  by 
stopping  the  decomposition  below  50  kbar. 
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hi/.;  i)  Shock  pressure  histories  on  the  rear  oj 
the  explosive  charge  tl.o  mm  thick  driven  plate 
in  st >  el  d mm  thick  dm  eri  plate  in  magnesium. I 

Four  experiments  and  four  computations  are 
presented  here,  two  with  a  Us  mg  plate  in  'tee! 
and  two  'vi  h  >ne  in  magnesium.  At  pre\  ious!y 
with  t’on  p  X 1 .  we  calculate  anal}  ticallv  a  mean 
decomposition  rate  from  the  terminal  \ elocity 
(appendix  ii  The  particle  velocity  histories 


are  shown  in  Figures  10  and  11.  The  correspond¬ 
ing  geometrical  conditions  and  decomposition 
rates  are  summarized  in  Table  2. 
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Fig.  10.  Particle  velocity  histories  obtained  for 
steel  driven  plate  (The  corresponding  geo¬ 
metrical  dimensions  are  given  in  Table  2  The 
sub:  i  rip:  e  denotes  experimental  results  and  the 
subscript  n  denotes  numerical  results.) 
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Fig  II.  Particle  velocity  histories  obtained  for 
a  driven  plate  m  magnesium  (Geometrical 
dimensions  are  given  in  Table  2.  The  subscripts 
e  and  n  denote  experimental  and  numerical 
results  ) 


TABLE  2 


Geometrical  dimensions 

Driven  Plate 
material 

Decomposition 
Rate  (%) 

Figure  10,  curve  1 

See  Figure  7 

■I 

56 

Figure  10,  curve  2 

All  demensions  of 

Figure  7  multiplied  by 

1,5. 

1 

100 

Figure  11,  curve  1 

See  Figure  7 

magnesium 

53 

Figure  11,  curve  2 

All  dimensions  of 

Figure  7  multiplied  by 

1.5. 

magnesium 

76 

In  the  two  experiments  with  a  6,5  thick 
charge  the  measured  initial  velocity  is  equal  to 
the  one  we  obtain  by  considering  the  explosive 
as  inert.  It  is  greater  with  9,75  mm  thick 
charges,  detonation  would  probably  occur  in  a 
lunger  charge  submitted  to  the  same  shock  con¬ 
ditions.  The  rear  rarefaction  waves  which  over¬ 
take  the  shock  front  bring  on  a  strong  decelera¬ 
tion  in  the  first  microsecond.  However  it  is  less 
strong  than  the  one  we  would  observe  if  the  ex¬ 
plosive  doesn't  reuct.  The  interactions  of  these 
and  the  ones  from  the  free  surface  reflected 
rarefaction  waves  involves  fracture  in  the 
magnesium  plates.  The  flyers  are  then  ac¬ 
celerated  by  the  process  of  compression  and 
rarefaction  throughout  the  flying  of  the  plate. 
Spalls  are  closed  and  terminal  velocities  are  at¬ 
tained  in  a  few  microseconds.  In  the  ex¬ 
periments  with  steel  flyers  (curves  le  and  2e— 
Figure  10)  we  observe  at  3  ps  or  at  4,5  ps  the 
effect  of  the  shock  which  is  reflected  from  the 
rear  steel  cover-explosive  interface. 

The  mean  decomposition  rate  we  calculate  are 
about  equal  in  the  experiments  with  the  thin¬ 
ner  charges  either  with  a  steel  plate  or  a 
magnesium  one.  The  reflected  shock  seems  to 
have  no  significant  influence  on  the  growth  of 
chemical  reactions  just  behind  the  shock  front, 
and  we  observe  a  quenching  of  the  rate  when 
rarefaction  is  reflected  into  the  reacting  ex¬ 
plosive.  The  9,75  mm  thick  charge  is  complete¬ 
ly  decomposed  when  we  have  a  steel  flyer  and 
only  partially  with  magnesium  one.  This  dif¬ 
ference  may  be  explained  by  being  interested  in 
the  pressure  histories  at  the  flyer-explosive 
interface. 


When  we  compare  the  experimental  and  the 
numerical  results,  which  we  obtain  by  stopping 
the  decomposition  below  40  kbar,  we  see  the  ter¬ 
minal  plate  velocity  is  well  modeled  in  three  ex¬ 
periments  (see  curve  In— Figure  10  and  curves 
In  and  2n— Figure  1 1).  In  the  fourth  experiment 
(curve  2n— Figure  10),  the  computed  final  veloci¬ 
ty  is  significantly  lower.  We  conduct  then  a 
computation  in  the  same  geometrical  conditions 
but  without  the  40  kbar  cut-off  pressure.  We 
don't  observe  significant  difference  in  the  com¬ 
puted  particle  velocity  history  (but  do  with  the 
other  geometries).  Indeed  we  have  numerically 
a  nearly  total  decomposition  of  the  charge  at 
pressure  above  50  kbar.  In  the  experiment  the 
charge  has  decomposed  more  slowly  and  so  the 
flyer  has  been  pushed  more  isentropically.  The 
measured  final  velocity  is  therefore  greater  than 
the  computed  one  though  the  mean  decomposi¬ 
tion  rale  may  be  lower. 

A  more  complete  analysis  of  the  results  shows 
us  our  rate  is  too  fast  just  behind  the  shock 
from  and  the  growth  of  the  chemical  reactions 
doesn’t  depend  on  the  local  thermodynamical 
conditions.  We  may  conclude  that  in  the  expres¬ 
sion  of  our  rate  law:  (see  appendix  2)  the  number 
of  hotspots  we  compute  have  too  much  authori¬ 
ty  though  it  provides  computer  simulations  of 
many  shock  initiation  data  on  Comp.  T2.  In 
future  work  we  will  try  to  take  the  temperature 
into  account.  Indeed  we  note  that  burning  rates 
basically  depend  on  an  Arrhenius  term  in  the 
solid-product  interface  temperature  as  in  com¬ 
bustion  theory  (17).  The  difficulty  remains  the 
knowledge  of  such  a  temperature.  It  will  be 
necessary  to  develop  at  first  more  physical 
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equations  of  state  for  the  products  and  the  solid 
explosive.  Maybe  we  will  also  have  to  change 
some  assumptions  we  made  in  the  mixture. 
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APPENDIX  1 

Mean  decomposition  rate  of  an  explosive 
charge  calculated  from  the  terminal  flyer 
velocity 

A  diagram  of  the  experimental  set-up  is 
shown  in  the  Figure  12. 


projectile  cover  explosive  flyer 


The  final  velocity  of  the  flyer  is  calculated 
from  the  following  identities  (18) 

U,  =  UT  +  V 

2M  „ 

V  =  -  -  -  Up 

Mp  +  Ms  +  m  +  M 

(kinetic  energy  re¬ 
mains  constant) 

According  to  Stanton's  formula  (19),  of  the 
charge  is  completely  decomposed  (t  —  1),  we 
have: 

U  =  U(t  =  1)  =  (2  K,)1*  f(r,  A.  A)  with 
1*3  j  specific  energy  of  the  explosive 

m  ,  _  M.  _  2r  +  1 
r  “  M  ’  A  ~  M  A  “  2A  +  1 


f  (V,  A,  A)  = 

|Y  -f  A  A  •  f 


-  A  1-  AG  1 

3  J 


If  only  a  fractijn  is  decomposed  we  write:  U 
-  (2E,)‘*  f(r,A)  with  E,  =  t-Ej- 

So  the  mean  decomposition  rate  T  is  obtain 
from  U  with  the  following  identity: 
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KRAKATOA  Model  (9) 

This  model  has  been  developed  to  predict  the 
detonation  and  to  describe  the  transient  regime 
when  an  explosive  charge  is  initiated  by  a  shock 
wave. 

According  to  the  Z.N.D.  scheme,  we  represent 
the  detonation  as  a  shock  followed  by  chemical 
reactions  which  are  expanding  in  a  biphasic  mix¬ 
ture  (non  reacted  explosive  and  detonation  pro¬ 
ducts).  The  chemica1  reactions  are  represented 
by  only  one  parameter  which  is  the  decomposi¬ 
tion  rate. 

Physical  Princips: 

1 1  Rate  law:  the  chemical  reactions  are  initiated 
at  certain  detonation  sites.  It  is  assumed 
they  are  points  and  tiie  reactions  are  pro¬ 
pagation  isotropically  at  a  rate  G.  In  this 
condition,  analytical  calculations  give  us  for 
the  rate  law 

df  =  .V  1  -f).  Ln(l-f) 
dt  <> 

with  -  f  decomposed  explosive  weight 
fraction 

\,  detonation  sites  per  volume 
unit,  it  is  an  increasing  function  of 
the  shock  intensity 

G  radial  speed  of  growth. 


r  or  N0  and  G  we  choose  arbitrarily  analytical 
expressions  which  are: 

=  a  exp  (I/Ia),  I  is  a  function 
which  only  depends  on  the  first  shock  strength. 

G  =  pb 

A,  la  and  b  are  3  coefficients  which  depend  on 
the  explosive  composition.  They  are  determin¬ 
ed  by  computing  the  run  detonation  as  a  func¬ 
tion  of  the  input  shock  pressure  (see  ref.  (13)  for 
Comp.  XI  and  T2). 

2)  Biphasic  zone:  we  assume  the  following  iden¬ 
tities:  (subscript  s  is  for  solid  explosive  and 
subscript  g  is  for  the  detonation  gases) 

—  pressure:  P  =  Ps  =  Pg 

—  specific  volume:  V  =  (1  —  f).Vs  +  f.Vg 

—  total  energy:  E  =  (1  —  f).Es  +  f.Eg 

and  Es  =  es  (Ps.Vs)  where  es(Ps.Vs)  is  a  Mie 
Griineisen  E.O.S.  calibrated  on  the 
Hugoniot. 

Eg  =eg  (Pg.Vs)  where  eg(Pg,Vg)  is  a 
J.W.L.  E.O.S. 

We  assume  we  have  an  isentropic  decomposi¬ 
tion  of  the  explosive  and  so  es(Ps,Vs)  =  es(Vs). 

3)  Computations:  in  our  computations,  1  is  the 
work  of  the  non  reversing  strengths  after  that 
the  shock  has  passed.  The  3  coefficients  A, 
la  and  b  are  determined  by  computing  the 
run  to  detonation  and  the  excess  transit  time 
as  a  function  of  the  shock  pressure  with  a 
IDE  hydrodynamic  code,  the  reactions  start 
when  the  shock  has  passed  in  the  cell.  If  we 
have  more  than  one  shock  wave  in  an  ex¬ 
plosive  charge,  the  second  and  the  others  in¬ 
terfere  only  on  explosive  decompositions  in 
the  radial  speed  of  growth  (G).  So  we  deal 
with  the  inhibition. 
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PRESSURE  VARIATION  UPON  INITIATION  OF  CAST  RDX/TNT  50/50  CHARGE 

BY  DIVERGING  SHOCK  WAVE 

V.M.  Titov,  S.M.  Karakhanov,  S.A.  Bordzilovsky 
Lavrentyev  Institute  of  Hydrodynamics 
Siberian  Division  of  the  USSR  Academy  of  Sciences 
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Pressure  evolution  was  investigated  in  a  transient  zone  upon  ex¬ 
plosive  initiation  by  a  diverging  shock  wave.  The  detonation  wave 
shape  was  controlled  by  streak-camera  records.  To  measure  profiles 
Pfh. t)  where  h  was  the  Lagrange  distance,  t  time,  strain  compensated 
piezo-resistive  gauges  were  used.  The  analysis  of  the  form  of  profiles 
Pth.t)  and  pressure  variation  P JR)  along  the  shock  trajectory  R(t) 
showed  that  the  flow  parameters  behind  the  hemi-shperical  diverg¬ 
ing  detonation  front  monotonically  changed ,  i.e.  pressure  decreased 
along  the  particle  path  and  increased  along  the  shock  trajectory.  To 
estimate  the  heat  release  rate  along  the  shock  trajectory,  the 
generalized  kinetic  characteristic  P  was  used  related  to  flow 
derivatives  The  estimates  obtained  from  the  experimental  relations 
Pth.t)  ami  PjH)  showed  that  the  heat  release  rate  along  the  shock 
trajectory  PjR)  for. 'IS  (IPa  to  21.5  (l Pa  monotonically  increased  with 
!  increasing  pressure  for  plane  and  diverging  waves  Over  the  range 
i  P-IS-- 17)0 Pa  the  relations  P.  IP)  coincided  for  both  cases.  The 
j  peculiarities  of  If  til)  dependence  for  the  direction  at  a  =■!•">  to  the 
I  initiating  pulse  and  the  maximum  available  on  the  failure  curve  were 
;  explained  by  the  hydrodynamic  loss  related  to  the  wave  divergence 


INTRODUCTION 

\»  explosive  initiation  In  shock  wa\os  m  the 
repine  close  to  a  critical  one  is  accompanied  by 
a  transient  process  which  is  characterized  by  a 
wide  /one  ol  a  chemical  reaction,  much  wider 
t  ban  that  t  vpical  for  a  st  eadv  si  ate  detonation 
Continuous  measurements  of  flow  parameters 
with  the  use  of  Lagrange  gauges  make  it  possi¬ 
ble  to  obtain  information  on  explosive  decom¬ 
position  kinetics  1 1 -  ii  Variation  ol  masswloei 
t\  and  ptessuie  dem atives  in  a  reacting  flow 
us  well  as  the  gradient  sign  of  these  \  allies  have 
been  analyzed  in  ml 

The  initiation  dummies  is  affected  by  tin* 
wave  front  curvature  along  with  chemical  kinet¬ 
ics  hjf  There  are  available  the  experimental 
works  which  suggest  the  results  on  continuous 
measurements  ol  the  shock  fionl  velocity  upon 
initiation  of  a  spherical  diverging  detonation,  as 
well  as  the  data  on  the  particle  velocity  and 
pressure  profiles  >n  an  asynitotical  zone  of  the 
detonation  development  (7.N  In  i-ll  the  diverg¬ 


ence  effect  was  taken  into  account  as  a  correc¬ 
tion  to  the  initiation  in  long  cylindrical  charges. 

The  present  paper  deals  with  the  investiga¬ 
tion  of  the  pressure  field  in  a  transient  zone 
when  the  cast  RDXTNT  50  50  charge  is  in- 
iliatied  by  diverging  shock  waves,  with  the 
wave  front  shape  being  dose  to  a  spherical  one. 
To  measure  pressure,  strain  compensated 
manganin  gauges  were  used  (9).  The  goal  of  this 
paper  is  to  compare  the  development  of  the 
RDXTNT  50  50  initiation  by  diverging  and 
plane  detonation  waves  1 10).  To  realize  it,  varia¬ 
tion  of  gasdynamic  parameters  m  the  diverging 
shock  waves  was  analyzed  and  the  heat  release 
rates  in  the  zone  adjacent  to  the  front  were 
estimated. 

EXPERIMENT  AND  RESULTS 

'flu*  experimental  arrangement  >s  show'll  in 
Fig  la.  The  cylindrical  K1)X  TNT  donor  charge 
whose  length  provides  for  the  steady  state  deto¬ 
nation  loads  the  RDX  TNT  50  50  test  charge 


1 
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through  the  PMMA  gap  15  mm  in  dia.  The 
amplitude  of  the  pressure  pulse  induced  into  the 
test  charge  was  varied  by  the  gap  length  1.  In 
the  preliminary  experiments  the  critical  gap 
length  1*  was  determined,  at  which  the  test 
charge  50  mm  high,  90  inm  in  dia.  could  be  in¬ 
itiated  with  50%  probability.  Detonation  or 
failure  was  defined  with  the  use  of  the  copper 
witness  plate  5  mm  thick.  In  these  experiments 
1*  =10.6  mm  and  p  =  1.69  g/cm3  (mean  densi¬ 
ty  of  the  test  charge). 


Fig  !  1. xpcrimental  arrangement 

a-  measurements  of  Plli.t).  b ■  measure¬ 
ments  oj  tin  detonation  leave  shape,  1 
■  test  charge,  2  ■  foam  plastu  ring,  M  - 
manganm,  ('  ■  constantan  elements. 

The  pressure  profile  measurements  at  the 
PMMA-tost  charge  interface  near  the  charge 
axis  by  the  method  described  below  give  the 
peak  pressure  P0=5.6  GPa  with  the  exponen¬ 
tial  pressure  decrease  during  t=0.8  mcs  at 
1  =  10  2  nun  (Fig  1.  h=0|.  Over  the  range 
1=|K  10.6  mm)  the  experimental  data  for  P„ 
dependent  on  1  were  described  by 

P()  =  22  09  exp  l-  0  135  1)  (1) 

with  P„  in  (IPa.  1  tn  mm.  The  detonation  wave 
shape  was  determined  by  streak  camera  records 
as  in  (11),  The  test  charge  was  of  a  hemi¬ 
spherical  form  (Fig.  1  b).  To  eliminate  the  effect 
of  the  donor  charge  detonation  products  on  a 
hemi-spherical  detonation,  a  plane  side  of  the 
hemisphere  was  protected  by  a  foam  plastic 
ring.  The  testing  charge  was  placed  inside  the 
transparent  vessel  filled  by  argon.  The  obtained 
streak-camera  records  displayed  detonation  prop¬ 
agating  along  the  donor-charge  axis,  the  delay 
due  to  the  passage  of  the  diverging  detonation 


through  the  test  charge  and  the  detonation  wave 
at  the  emergence  from  the  spherical  surface.  To 
increase  resolution  over  the  region  close  to  the 
axis  (O'=0°),  the  mirror  view  was  obtained.  The 
streak  camera  records  allowed  in  our  experi¬ 
ment  to  control  the  detonation  velocity  in  the 
test  charge  in  the  OX(Dox)  direction  and  time 
difference  of  the  detonation  wave  emergence 
from  the  hemisphere  surface  dependent  on 
Q'!At(a)=t(o)— 1(0).  Besides,  they  enabled  us  to 
plot  the  shape  of  the  detonation  wave  in  the 
coordinates  (r,a),  where  R— r(o)=D0XAt(a) 


Fig.  2.  Detonation  wave  shape 
It  =  .50  mm  -  solid  line, 

Pn—  5  6‘  GPa  -  dashed  line, 

Po—  7.5  GPa  -  dashed-dotted  line 

The  results  in  Fig.  2  show  that  in  the  regime 
close  to  a  critical  one  the  detonation  develops 
faster  in  the  OX  direction  with  Dox=6.6  km/s. 
In  other  directions  the  detonation  delays,  i.e. 
A  1(451=  -0.56  mcs,  At(90 °)=  —  1 . 18  mcs.  When 
the  initiating  pressure  grows  even  insignificant¬ 
ly  (up  to  P0=7.5  GPa),  the  detonation  w_ave 
shape  becomes  almost  hemi-spherical  with  Dox 
=  7.3  km/s  and  a  maximum  At(‘20  °)=0. 18  mcs. 

From  here  it  follows  that  near  the  critical 
regime  the  wave  shape  is  affected  by  the  in¬ 
itiating  pulse  direction,  and  when  the  initiating 
pressure  increases,  the  initiation  phase  con¬ 
figuration  has  an  effect  on  the  wave  shape. 

When  the  manganin  gauges  are  used  in  a 
diverging  flow,  an  additional  change  in 
resistance  caused  by  stretching  out  the  active 
element  is  observed.  To  distinguish  the  piezo- 
resistive  effect,  it  was  suggested  in  (9)  to  make 
measurements  under  the  same  conditions  by 
geometrically  similar  gauges  comprising  active 


elements  with  different  piezo-resistive  coeffi¬ 
cients.  This  principle  has  been  used  in  the  pre¬ 
sent  paper.  Manganin  and  constantan  elements, 
3X0.75  mm2  in  size,  20  mcm  thick,  lie  in  the 
same  plane.  Current  leads  were  made  of  a  cop¬ 
per  foil,  20  mcm  thick.  The  gauges  were  sur¬ 
rounded  by  a  FTFE  insulation  (0.2— 0.3)  mm 
thick.  Their  initial  resistance  was  about  0.3 
Ohm.  The  gauges  were  connected,  according  to 
a  four-terminal  scheme  and  were  powered  from 
the  same  current  sources  with  I~10A.  Voltage 
output  from  each  active  element  was  subtracted 
at  an  output  of  a  two-channel  amplifier  (Fig.  3). 


l'ig  •7  Voltage  output  /rt>m  manganin  and  con¬ 
stantan  element s  Lon  er  trace-residual  signal. 
0  ops  dn 


4  b  t ,  me  s 


hg  l  Pth.tt  profile s  for  hemispherical  diverg¬ 
ing  n  at  e  initiation  in  the  OX  duectum 

Signals  were  compensated  at  a  zeto  pressure  In 
the  amplification  of  the  constantan  gauge 
channel 


The  relationship  for  the  constantan  piezo-re¬ 
sistance  in  plane  shock  waves  can  be  described 
by  (12): 

kc  =  d(^)/dP  =  1.43  •  10-4P(GPa->)  (2) 

where  is  the  fractional  resistance  change. 
Comparison  with  the  piezo-resistivity  coeffi¬ 
cient  for  manganin,  km=2.94X10_2GPa"1, 
shows  that  at  P<10GPa  the  signal  induced  by 
the  piezo-resistive  constantan  effect  account  for 
approximately  2.5%  of  the  manganin  signal. 
Thus  the  subtraction  result  (Fig.  3)  can  be 
regarded  as  a  sufficiently  exact  pressure 
estimate.  When  the  pressure  range  was  10  to 
20  GPa,  the  measurement  results  were  cor¬ 
rected  taking  into  account  the  piezo-resistive  ef¬ 
fect  of  constantan  (AR/Ro)c^0.05(AR/Ro)m.  The 
oscilloscope  records  were  satisfactory  at  P^10 
GPa.  As  is  shown  in  Fig.  4,  when  P  increases 
there  is  the  depression  on  the  signal  fall  which 
appears  due  to  the  detonatoin  wave  disturbance 
by  an  inert  filler  similar  to  the  effect  described 
in  (10)  for  a  steady-state  detonation.  When 
P~10  GPa,  a  noise  is  observed  on  ihe  signal  fall 
(h =40),  therefore  the  signals  were  smoothed 
before  numerical  processing.  The  pressure 
amplitude  was  measured  by  the  manganin 
gauges  with  a  relative  error  of  0.00  at  P<  10  GPa 
and  0.1  at  P=<10-20)  GPa. 

Three  series  of  experiments  with  different  in¬ 
itialing  pressures  were  conducted.  In  the  first 
series  the  profiles  P(h,t)  were  recorded  in  dif¬ 
ferent  Lagrange  coordinates  h,  in  the  regime 
close  to  a  critical  one  with  P0=5.6  GPa.  As  may 
be  seen  from  Fig.  1.  pressure  along  the  gauge 
trajectory,  h=const .  decreases  throughout  the 
region  spanned  by  the  gauges,  3  P  3t<0.  Ex¬ 
cept  for  some  increase  in  the  pressure  fall  dura¬ 
tion  (from  0.8  mes  at  h=0  to  2.5  mes  at 
h=  10mm)  the  pulse  profile  is  retained  as  h  in¬ 
creases.  and  the  pressure  increases  throughout 
the  region  behind  the  fi  ont,  i.e  3  P  3  h>0.  The 
jump  amplitude  Ps  along  the  shock  trajectory 
R(t)  increases  'oo,  dPsdR>0(Fig.  5.1).  When  the 
initiating  pressure  increases  up  to  P()=7.5  GPa, 
the  features  peculiar  to  the  process  do  not 
change  (Fig.  5,2).  When  the  initiating  pressure 
decreases  below  than  a  critical  one.  Pc=5.4 
GPa.  the  dependence  PS(R)  becomes  decaying 
(Fig  5  41  The  maximum  pressure  available  on 
this  curve  at  R=5mm  will  be  discussed  below. 


Curve  3  in  Fig.  5  shows  the  Ps(h)  data  in  the 
direction  o=45°.  In  this  case  the  gauge  plane 
is  perpendicular  to  the  normal  to  the  shock 
wave  surface.  The  evolution  of  pressure  P(h.t) 
along  the  axis  o=45 0  is  analogous  to  that  along 
the  axis  OX  when  the  pressure  amplitude 
decreases  by  approximately  20%  that  testifies 
to  the  pressure  distribution  along  the  front  with 
dPs/da<0. 


/'ig  5  Tin  lot  of  shock  amplitude  vs  shod)  tra¬ 
jectory.  P  0  ■  5  t>  (iPa,  •  -  7.5  OPa,  A  -  5.4  (l Pa. 
a=<).  -56(1  Pa,  a =45 

DISCISSION 

1  lie  streak  camera  records  of  the  wave  shape 
enable  us  to  consider  the  flow  near  the  shock 
surface  to  be  a  spherically  symmetrical  one  to 
write  the  continuity  and  F.uler  equations  as 
follow1'  (13). 


3  V  „  ^ 
3t 

1  $  (r  n 
‘h  3  h 

(3) 

3  r  _ 
3t 

-V„tr»  3l>. 
h  3  h 

(4) 

w  here  h  is  the  Lagrange  coordinate  denoting  the 
particle  position  before  the  front  arrival, 
r  —  rlh.t)  is  the  f.uler  coordinate  connected  with 
h  „y  the  condition  r  dr  V-h  dh  V(1.  U.  P  and  V 
aie  the  particle  velocity,  pressure  anti  specific 
volume,  respectively,  the  subscripts  o,  s  belong 
to  the  states  before  the  shock  and  behind  it. 
respectively  If  the  shock  front  trajectory  is 
assumed  to  be  dK  -  l)lt)dl.  where  D  '  the  shock 
wave  velocity,  the  shock  intensity  variation  ( Ps 


or  Us)  along  the  trajectory  is  connected  with 
partial  derivatives  at  the  front 


dP„ 

3P  ,  1  3P 

S  — 

— -  +  - - 

(5) 

dR 

3hs  D  3ts 

dUg 

3U  1  3U 

dR 

3hs  D  3ts 

(6) 

It  follows  from  the  experiment  that 
3P/3t<0,  3P/3h>0  throughout  the  region 
spanned  by  the  gauges,  and  dPs/dR>0  and 
dUs/dR>0.  Then  it  follows  from  (3),  (4),  (6)  that 
in  the  flow  behind  the  shock  3U/3h>0  and 
dV/dt>0.  In  contrast  to  the  case  of  initiation  by 
a  plane  wave,  where  the  flow  derivatives  behind 
the  shock  front  change  sign  (5),  in  the  given  case 
all  the  flow  parameters  along  the  particle  tra¬ 
jectory  steadily  change  in  time  in  the  direction 
characteristic  for  the  rarefaction  wave.  In  the 
meantime,  the  shock  wave  intensity  increases 
steadily  along  the  shock  trajectroy  R(t).  It  can 
be  concluded  that  the  initiation  (dPs/dR>0)  is 
governed  by  heat  release  in  a  narrow  zone  close 
to  the  shock  or  in  the  shock  jump,  according  to 
the  hypothesis  suggested  in  (4).  In  the  remain¬ 
ing  flow  the  hydrodynamical  losses  associated 
with  the  expansion  exceed  the  heat  release  rate. 
The  structure  and  width  (  d )  of  the  heat  release 
zone  can  not  be  resolved  by  gauges,  however, 
for  farther  estimates  it  can  be  assumed  that 
(5«Dt~5  mm,  where  t  is  the  characteristic 
pressure  pulse  duration. 

To  estimate  the  heat  release  rate  in  the  zone 
adjacent  to  the  front,  it  is  appropriate  to  use  the 
approach  (4,  14)  at  v'hich  the  heat  release  rate 
is  characterized  by  the  generalized  kinetic 
characteristic 


3P  ,  c-  3  V 
3 1  V  3 1 


17) 


representing  the  pressure  variation  rate  under 
adiabatic  conditions  at  a  constant  volume. 
Kquations  (3).  (4)  (after  transformation  at  r_*R. 
h~*R)  and  (5),  (6)  enable  us  to  express  3  V  3ts 
through  the  values  determined  in  the  experi¬ 
ment,  1\,  3  1*  3tv  dl\  dR.  Conditionally,  when 
transiting  through  the  jump,  R>DT>>d  enables 
us  to  use  the  expression  for  a  plane  wave, 
V„  A  final  result,  after  substitution 

in  (7),  is 


In  -  1) 


3  P 
<3ts 


nl)d(Ps(Jj 

t*  A 

l's  dR 


(8) 


c'2V2 

where  n=— 

D2V2 


A=  2nPPs 
R 


c  is  the  sound  velocity.  The  first  two  terms  in 
(8)  describe  the  shock  wave  evolution,  the  third 
one  A  takes  into  account  the  losses  due  .0  a 
spherical  divergence  of  the  wave.  In  an  asymp¬ 
totical  zone  if  R-*00  .dfPgUgl/dR^O)  a  main 
contribution  to  Ps  is  made  by  the  first  term 
containing  the  derivative  3  P  Id  ts.  In  this  flow 
the  reaction  zone  width  decreases,  and  because 
of  an  insufficient  time  resolution,  it  is  possible 
to  make  estimation  only  for  a  stationary  value 
of  the  heat  lelease  rate  at  the  front  (Pa). 

Calculations  foi  a  plane  initiation  of 
RDX/TNT  50/50  are  made  using  (6)  and  the 
oscillograms  obtained  in  (10),  and  for  a  spherical 
case  using  the  oscillograms  presented  in  Fig.  4. 
This  was  done  under  the  simplifying  conditions 
with  the  Hugoniot  D  =  A  +  BUS,  where 
A=0  249cmmcs,  B  =  1.99.  Vo=0.5882  (15).  The 
sound  velocity  was  estimated  by  the  slope  of  the 
Hugoniot  curve  (16)  with  the  Mie-  Gruneizen 
equation  of  state: 

c  -  dP  T  r  P  V,  dP  -1  „ 

V  dVH  2  L  V  II  V  dVIlJ 

dl> 

where  (jy>j|  is  the  slope  of  the  Hugoniot  curve. 
T  is  the  Gruneizen  parameter.  To  estimate  f, 
the  assumption  rV  =  r,/V0,  f*o=0.947  was  used 
(15). 

'Die  derivatives  used  in  the  calculations  are 
listed  in  'Fables  1,2.  In  the  last  line  of  Table  1  the 
values  of  d  P  d  ts  are  presented  for  the  pressure 
profile  in  a  steady-state  regime  with  the  max¬ 
imum  value  of  Ps  from  (10).  Under  the  assump¬ 
tions  of  the  equation  of  state  mentioned  above  the 
explosive  behind  the  shock  front  is  considered 
in  the  model  of  solid  state  as  unreacted  one.  As 
a  result,  the  maximum  estimate  for  the  sound 
velocity  and  Pa=335  G Pa- mcs  are  obtained.  If 
for  estimating  the  sound  velocity  any  of  equa¬ 
tions  of  state  is  used  which  describes  the  explo¬ 
sion  products  acceleration  by  the  model  of 
gaseous  phase,  we  can  obtain  the  lower  estimate 
for  the  sound  velocity  and  Pa=65  GPa/mcs. 
The  sound  velocity  estimate  in  the  model  (17) 
taking  into  account  a  partial  decomposition  of 
the  explosive  behind  tin-  shock  front  gives 
Pa~75GPa/mcs  at  P~30  GPa.  Due  to  a  strong 
Pd  dependence  on  the  sound  velocity,  it  is  im¬ 
possible  to  estimate  an  absolute  value  of  the 


energy  release  rate  without  attracting  addi¬ 
tional  experiments.  However,  it  is  appropriate 
to  compare  the  PS(P)  dependences  for  the  case 
of  a  plane  and  diverging  wave  with  the  estima¬ 
tion  of  the  sound  velocity  by  the  simplified 
model.  The  PS(P)  dependence  for  the  plane  case 
(Fig.  6.1)  steadily  increases  up  to  21.5  GPa  and 
doesn't  contain  any  peculiarities  such  as  nega¬ 
tive  values  of  Ps  in  the  region  of  low  pressures 
for  TNT  (5).  The  profiles  P(h,t)  (10)  do  not  allow 
to  determine  the  PS(P)  dependences  over  the 
pressure  range  21.5  to  30  GPa.  The  calculated 
data  from  (17)  show,  however,  that  this 
dependence  passes  through  the  maximum  at 
pressures  close  to  Chapman-Jouguet  pressure. 


5  10  15  20  P ,  GPa 

Fig.  6.  Heat  release  rate  at  the  shock  front  for 
plane  (1)  and  hemispherical  (2)  wave.  A.  A’  - 
spherical  divergence  losses 

In  the  case  of  the  geometry  illustrated  in  Fig. 
2  the  diverging  wave  shape  differs  from  a  spher¬ 
ical  one  in  the  vicinity  of  an  output  side  of  the 
gap.  The  curvature  radius  of  different  wave 
parts  depends  on  the  wave  propagation  direc¬ 
tion.  The  wave  part  propagating  inside  a  cone 
where  there  is  no  effect  of  a  lateral  rarefaction 
has  the  same  curvature  radius  R  as  the  wave 
induced  from_the  donor  charge  into  the  gap. 
Assume  that  R— 3.5d,  where  d  is  the  donor  charge 
diameter  (18).  The  wave  part  in  the  vicinity  of 
an  angular  point  O'  propagating  in  the  direction 
o  =  45°  can  be  characterized  by  the  mean  cur¬ 
vature  radius  equal  to  the  coordinate  R  of  the 
shock  wave  along  OX.  After  passing  the  point 
a~7.5  mm  by  the  front,  the  curvature  radius  of 
the  wave  propagating  along  OX  decreases 


as  approaching  to  R.  The  maximum  on  the 
failure  curve  (Fig.  5.4)  can  be  associated  with 
the  increase  in  A(P).  A  top  of  this  curve  at  R=5 
mm  testifies  to  the  detonation  decay  after  pass¬ 
ing  the  point  a.  Beginning  with  R=20  mm,  both 
directions  are  characterized  by  close  mean  cur¬ 
vature  radii. 

Under  the  assumption  of  a  spherical  shock  of 
a  uniform  amplitude  over  the  shock  surface  the 
dependences  ?(P)  and  A'(P)  were  estimated  for 
the  directions  OX  and  O'r'  respectively  (Fig. 
6.3).  In  calculations  of  PS(P)  for  a  spherical 
wave  (Fig.  6.2)  the  function  A(P)  was  used.  Curve 
2  and  curves  A(P)  and  A'(P)  show  that  at  an  ini¬ 
tial  stage  the  detonation  is  mainly  developed  in 
the  direction  OX,  where  the  heat  release  rate  is 


heat  release  rate  does  not  exceed  the  divergence 
losses.  This  can  take  place  due  to  a  fast  decrease 
in  A'(P),  decrease  in  Ps  in  the  direction  a=45° 
and  re-distribution  of  energy  over  the  shock 
wave  surface,  which  is  released  in  a  central  wave 
zone.  Such  an  assumption  is  in  qualitative 
agreement  with  the  decrease  in  PS(R)  along 
a=45°  observed  in  the  experiments  (Fig.  5.3). 
The  possibility  of  a  partial  decomposition  of  HE 
behind  the  shock  with  a  small  radius  of  cur¬ 
vature  can  be  confirmed  also  by  the  experimen¬ 
tal  results  (11). 

Fig.  6  shows  a  correlation  of  the  PS(P) 
dependences  for  plane  and  diverging  hemi¬ 
spherical  waves.  The  errors  plotted  in  Fig.  6 
take  place  when  calculating  by  (6).  When  deter- 


7' ABLE  1 

Flow  Derivatives  and  Heat  Release  Rate  Along  the  Shock  Path  for  Plane  Wave 
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TABLE  2 

Flou 

Derivatives  and  Heat  Release  Rate  Along  the  Shock  Path 

for  a  llemi-Spherical  Divergent 

Ware 

K.  mm 

1\.  GPa 

3  P  .  GPa 

dPs  .  GPa  R.  mm  A, GPa 

ivp„ 

3  t ,  mes 

dR  mm  : 

mes 

o 

5.6 

-8 

0.3  50 

2 

(4.6±0.8)X  10  - 

•> 

7  0 

-4.6 

0.6  50 

3 

(5.5±  1.6)X  10  -' 

10 

1 1.2 

-  h>.4 

0.5  30 

1 1 

( 1 . 3  ±  0 . 3 )  X  10  1 

20 

14.4 

-  14.4 

0.4  20 

25 

(2  +  0.4)X10  1 

30 

1 6.8 

-30.5 

0.26  30 

21 

0.3  ±0.08 

40 

20  2 

-37 

0.13  40 

23 

0.37±0. 16 

several  times  in  excess  of  the  divergence  losses. 
In  the  direction  a—  15  Curve  2  intersects  the 
function  A  (Pi  at  P~H)  GPa.  Since  the  ex¬ 
periments  were  carried  out  under  critical  con¬ 
ditions  with  P()=5  6  (iPa,  in  the  direction  a  — 
■15  there  can  arise  the  conditions  A'{P)^PS(P). 
When  they  are  satisfied  and  3  P  3ts  is 
negative,  it  follows  from  (6)  that  d(!\,Usi  dR<0, 
i  e  the  w  av  e  in  the  direction  a  —  45  decay  s.  The 
v.a\  e  decays  m  a  lateral  direction  as  long  as  the 


mining  d  P  3  t„.  values  of  0.08  and  0. 1  -0.3  are 
assumed  to  be  relative  errors  for  a  plane  and 
henu-spherical  case  respectively.  Within  these 
errors,  curves  1  and  2  coincide  over  a  pressure 
range  of  (8-17)  GPa  and  diverge  in  the  region 
of  high  and  low  pressures  This  can  be  caused 
by.  first,  the  dependence  of  the  reaction  rate  on 
the  pressure  profile  following  the  shock  (4).  In 
the  cases  under  consideration  the  wave  profiles 
following  the  shock  differ,  for  a  plane  initiation 
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this  is  a  compression  wave  with  the  following 
change  sign  0  PI  0  ts,  for  a  hemi-spherical  case 
this  is  a  rarefaction  wave.  The  second  possible 
cause  is  an  error  in  determining  Ps  and  0  Pi  3  ts 
due  to  amplitude  distortions.  The  Hugoniots  of 
TNT/RDX  50/50  and  PTFE  differ  by  <4%  in 
the  pressure  range  <20  GPa,  so  the  main  source 
of  errors  is  a  perturbation  of  the  initial  process 
by  an  inert  layer,  and  peak  pressure  decay  for 
profiles  with  a  negative  sign  of  |£-.  Numerical 
estimates  show  that  for  0P/3ts—  -80  GPa / 
mcs  the  peak  pressure  Po  decreases  by  10%  at 
an  insulation  layer  of  0.4  mm.  In  the  case  of  a 
plane  shock  the  value  of  0P/0ts  is  small  in  a 
transient  zone,  and  the  amplitude  distortions 
can  be  neglected.  However,  in  the  diverging 
shock  wave  0P/0ts  is  high  throughout  the 
transient  zone,  that  causes  a  systematic  error. 
An  accuracy  of  determing  0  P/0  ts  might  be  in¬ 
creased  by  means  of  numerical  modelling  of  the 
pressure  pulse  transformation  in  the  inert  layer. 

CONCLUSION 

The  results  of  this  paper  show  that  the  flow 
parameters  behind  the  hemi-spherical  diverging 
detonation  wave  steadily  change:  the  pressure 
decreases  along  the  Lagrange  particle  path  and 
increases  along  the  shock  front  trajectory.  The 
initiation  process  is  governed  by  the  heat 
release  rate  close  to  the  shock  front.  The 
dependence  of  the  generalized  kinetic  heat 
release  characteristic,  PS(P)  steadily  increases 
with  pressure  over  the  range  up  to  20  GPa  for 
both  plane  and  hemi-spherical  waves.  Over  the 
range  P  =  (K-  17)  GPa  these  dependences  coin¬ 
cide  The  peculiarities  in  the  dependences  PS(R) 
for  the  direction  of  45  to  the  initiating  pulse 
and  the  maximum  available  on  the  failure  curve 
are  explained  by  the  effect  of  hydrodynanncal 
losses  due  to  wave  divergence 
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EXPERIMENTAL  STUDY  OF  SPHERICALLY 
DIVERGING  DETONATION  WAVES 


J.  Aveille,  J.  Baconin,  N.  Carion,  J.  Zoe 
Commissariat  a  I’Energie  Atomique 
Centre  d’Etudes  de  Vaujours 
B.P.  7  -  77181  Courtry  -  France 


We  experimentally  study  spherical  diverging  detonation  waves  which 
are  intrinsically  unsteady.  For  this,  we  have  designed  a  special  ex¬ 
plosive  device  called  “LOGOSPHERE"  which  provides  good 
measurements  of  diverging  detonation  celerity  for  detonation  wave 
radii  from  70  mm  to  230  mm.  Three  different  explosives  HMX  and 
TATB  compositions  were  tested.  We  fit  the  data  by  means  of  a  linear 
relationship  between  the  detonation  celerity  and  the  curvature  of  the 
wave 

The  results  compare  favorably  to  those  obtained  in  the  axisymmetric 
case  of  explosives  cylinders. 


INTRODUCTION 

The  Chapman-Jouguet  detonation  D*  is  a  ma¬ 
jor  physical  constant  of  a  given  explosive  and 
therefore  deserves  a  large  experimental  effort. 
Theoretical  studies  show  the  actual  importance 
of  detonation  celerity  radius  data  on  spherical- 
l>  div  ergmg  \d  com  erging  detonation  waves. 

The  most  common  part  of  this  effort  deals 
with  the  propagation  along  the  axis  of  an  ex¬ 
plosive  cylinder  initiated  at  one  end.  It  is  ex¬ 
perimentally  proved  that  the  ignition  system  no 
longer  influences  the  propagation  of  the  wave 
beyond  some  run  and  that  the  steady  celerity 
1)  depends  only  on  loading  density,  cylinder 
diameter  0  and  initial  terinperature.  Moreover 
it  is  usually  assumed  that  one  gets  an  estima¬ 
tion  of  1)^  by  extrapolating  DU  0)  to  infinite 
diameter  This  extrapolation  procedure  remains 
however  questionable  because  of  the  unknown 
behavior  of  lateral  boundary  conditions  at  in¬ 
finite  diameter 

On  the  contrary,  it  is  well  demonstrated  by 
K  Che  ret  mil)  that  the  spherically  diverging 
detonation  celerity  asymptotically  goes  to  D^ 
when  the  radius  increases  towards  infinity. 

Many  years  ago  experiments  on  such  propa¬ 
gations  have  been  achieved  in  some  RDXTNT 
compositions  (Dm  nitromethane  (2)  by  means 
of  optical  diagnostics,  and  recently  in  HMX, 


TATB  and  TATB/HMX  compositions  (3). 

In  this  work  we  experimentally  study  the 
celerity-curvature  relationship  in  solid  ex¬ 
plosives  for  spherically  diverging  detonation 
waves  which  are  intrinsically  unsteady.  We 
have  designed  u  special  explosive  device  called 
“LOGOSPHERE”  which  provides  a  well  defin¬ 
ed  spherically  diverging  detonation  wave  and 
allows  the  measurement  of  the  detonation  path 
by  means  of  gauges  without  any  perturbation 
to  Lhe  spherical  symmetry. 

Our  experimental  celerity-curvature  relation¬ 
ship  obtained  with  this  "LOGOSPHERE” 
method  is  favorably  compared  to  the  one  ob¬ 
tained  in  the  axisymmetric  case  of  cylinders  of 
the  same  heterogeneous  solid  high-explosives. 
We  have  performed  a  series  of  experiments  to 
measure  detonation  celerity  for  spherically- 
diverging  detonation  waves  in  three  solid  ex¬ 
plosives  listed  in  the  following  table. 


Explosive 

(weight) 

Grain-size 

han) 

Density 
(g.cm  ') 

XI 

96 

HMX 

<Uj30 

1,822 

T! 

95.5 

PATH 

40/60 

1,880 

T2 

97 

TATB 

40/60 

1,855 

EXPERIMENTAL  SET-UP 
1.  “LOGOSPHERE”  explosive  arrangement. 
The  explosive  arrangement  is  axisymmetric, 
the  explosives  under  investigation  are  machined 
in  such  way  that  the  meridian  of  the  outer  boun¬ 
dary  is  a  logarithmic  spiral  whose  polar  equa- 


(«  is  the  polar  angle  between  -n/2  and  +n/2,  R 
is  the  polar  radius,  Ra  is  a  constant,  e  is  a  con¬ 
stant  angle  made  by  spherical  detonation  wave 
with  boundary).  Figure  1. 


carried  out  to  check  the  sphericity  and  to  choose 
the  observation  loci.  These  shots  show  that  the 
main  problem  is  to  avoid  the  different  pieces 
(logosphere  -  pins  support,  booster  and  deton¬ 
ator)  being  out  of  true. 


Fig.  1.  Rule  of  Experimental  Set-up 

The  angle  e  is  the  constant  angle  between  the 
front  of  spherically  diverging  detonation  and 
the  explosive's  meridian.  It  is  small  enough  to 
avoid  any  perturbation  on  detonation  prop¬ 
agation.  In  our  experiments  ©  =  20°  and 
R(i  =  131.21  mm 

For  obvious  reasons  we  call  such  devices 
"LOGOSPHERES”.  The  explosive  is  confined 
by  an  aluminum  shell  used  as  gauge  support. 

The  detonation  wave  is  initiated  at  point  R  = 
0  by  means  of  two  E.B.W.  detonators  facing 
each  other  into  two  holes  machines  towards  the 
center  of  explosive. 

To  initiate  TATB  explosives  T1  and  T2  it  is 
necessary  to  use  E.B.W.  detonators  associated 
with  an  HMX  spherical  booster.  The  experimen¬ 
tal  arrangement  is  .diown  in  Figure  2. 

Some  complementary  shots  of  small  spheres 
initiated  by  means  of  such  a  system  have  been 


Fig. 2.  Logosphere  Explosive  Device 
2.  Measurements 

Our  experimental  program  aims  at  determin¬ 
ing  the  (R,t)  path  of  spherically  diverging 
detonation  initiated  at  the  initial  radius  R  =  0 
of  the  explosive  logosphere.  The  measurements 
consist  in  recording  the  time  t,  (within  ±  2ns) 
at  which  the  wave  reaches  predeterminated 
locations  R,  (within  ±  0,01mm).  The  arrival 
times  of  detonation  on  the  outer  boundary  are 
recorded  by  means  of  two  pin  methods. 

One  records  the  signal  generated  by  short-cut 
of  ionization  gauges,  for  this  we  use  three 
chronometers  ±  1.10  *s  resolution  (Thomson- 
CSF).  The  other  technic  records  the  light  pro¬ 
vided  by  optical  fibers  gauges  on  five  electronic 
streak  cameras  —  TSN  503  Thomson-CSF  — 
with  an  appropriate  nose. 

Two  series  of  gauges  are  used,  for  each  shot, 
and  located  at  up  to  80  different  values  of  the 
radius  from  R  ^  70  mm  to  R  ^  230  mm.  An 
aluminum  confinement  is  used  as  support  for 
gauges  which  are  located  in  a  plane  perpendic¬ 
ular  to  the  axis  of  the  detonator  holes.  Figure  2. 
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3.  Reduction  of  the  Data. 

For  spherical  diverging  detonations  we 
assume  the  existence  of  a  relation  between  cur¬ 
vature  and  celerity,  as  it  was  suggested  for  in¬ 
stance  in  (1)  and  (4): 

Ds  =  d*  =  D®  (l  -  =  DS  (1— AC)  (1) 

t  is  the  time,  R  is  a  wave  radius,  Ds  is  the 
detonation  celerity  at  rcdius  R.  This  relation  (1), 
after  integration  gives  a  t  |R)  relation: 

t-t0  =  J_  I"  R-R0  +  A  Log  _AA_]  (2) 

Ds»  L  Po_A  J 

t0  and  R0  are  constant. 

We  fit  experimental  data  (t,,  Rj)  with  Eq.  2. 
by  use  ot  a  least  squares  method.  This  gives  the 
D8  Rn  and  A  values. 

It  could  be  possible  to  use  the  same  method 
with  a  second  order  development: 

D8  =  IT  (1  +  A'C  +  A"  Cl)  C  =  A.  is  a 

*  R 

curvature  of  detonation  wave  -  but  the  range  of 
variation  of  the  radius  R,  is  too  small  in  our  ex¬ 
periments  (70<  R,<  230mm)  and  celerity  does 
not  vary  enough  to  need  development  beyond 
first  order. 

An  example  of  experimental  values  (t,.  It,)  ob¬ 
tained  with  TATB  composition  T2  are  plotted 
in  Fig.  3. 

»l  T/«s 

» ►  tJ&uMU 

n  t 

«  f 
r  ► 

«  , 
n  , 

*»r 
"r 

•i  > 

»* ,  .* 

•*  R  10  J  Pi  j 

l'i g3.  Tune  history  T  vs  (R-IiJ  for 
Spherical  Diverging  Detonation  Wave 

The  coefficients  of  the  celerity  curvature  rela¬ 
tionship  (Eq.  1)  are  calculated  for  both  series  of 
measurements.  For  each  shot  we  thus  get  two 
straight  lines.  They  arc  averaged  in  order  to  take 
into  account  misalignment  problems.  The  values 


D8  and  A  reported  in  table  (2)  are  mean  values 
obtained  in  two  different  shots. 

TABLE  2. 


Coefficients  of  celerity-curvature  relationship 
Ds  =  D8  (1-AC)  for  3  compositions 


In  Figure  (4)  we  have  plotted  Ds/ns  versus 

* 

reciprocal  radius  detonation  wave  (A  =0. 

R 

It  may  be  noticed  that  the  reduction  in 
spherically  diverging  detonation  celerity  at  small 
radius  (R  -  70  mm)  is  more  pronounced  for 
TATB  compositions  where  it  averages  to  a  3-4% 
decrement  from  D8.  In  HMX  composition  XI 
the  decrement  is  only  about  1,25%. 

The  spherical  diverging  detonation  celerity  D8 
appears  to  approach  smoothly  the  infinite-radius 
detonation  celerity  D8  in  HMX  composition 
while  it  is  still  rising  sharply  in  TATB 
compositions. 


Fig  4.  IT'D*  vs  C  =  1/R 
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COMPARISON  WITH  AXISYMMETRIC 
MEASUREMENTS 

We  will  compare  spherical  diverging  detona¬ 
tion  results  with  those  obtained  by  means  of  ax- 
isymmetrical  measurement  of  celerity  in  steady 
state  detonation  achieved  with  identical  high  ex¬ 
plosives' (5),  (8).  By  means  of  electronic  and  op¬ 
tical  method;-  we  have  performed  experimental 
programs  on  right  circular  cylinders  of  H.E.  (Xl, 
Tl,  T2)  in  different  diameters:  between  3  to 
200  mm  for  HMX  composition  XI  and  9  to 
200  mm  for  TATB  compositions  Tl,  T2. 

Measurements  provide  the  detonation  celeri¬ 
ty  Dp  at  each  diamter  (0)  and  the  shape  of 
detonation  front  is  recorded  by  the  streak 
camera.  The  curvature  radius  Rc  on  the  axis  of 
rods  is  obtained  by  fitting  all  points  of  record 
shape  between  (-0  4, +0/4)  in  best  approximation 
by  a  circle. 

When  summarising  the  results  of  this  axisyrn- 
metrical  experiments  we  can  observe  that 
diameter  effect  curves  obtained  differ  for  HMX 
(X 1 1  with  concave  downward  in  all  diameter,  and 
for  TATB  compositions  Tl  and  T2  with  concave 
upward  with  diameter  up  to  near  15  mm.  We 
have  fitted  results  by  a  polynomial  form  in  (1/0)’ 
and  (Ml(,l'  for  TATB  compositions.  For  HMX 
composition  the  polynomial  form  is  in  (1/0)*  and 
(1  R,)‘. 

Extrapolating  to  infinite  diameter  and  infinite 
curvature  radius  we  obtain  the  values  of  cor¬ 
responding  infinite  celerity  Dp  and  1/  reported 
in  Table  3,  where  we  write  also  the  values  of  the 
infinite-spherical  diverging  celerity  D*. 


Explosive 

I)P 

m  s 

i  y 

m  s 

■X 

_ 

M 

STHtM  10 

h7S,Jl  13 

8802  *  30 

Tl 

77.17  +  IT) 

7739  *  30 

7737120 

T2 

77.13  -*  10 

77115  1 30 

76801 13 

Table  ,V 


We  can  s«*e  a  very  good  agreement  between  this 
different  values  0,2'1  for  HMX  and  0,6't  for 
TATB 

Results  of  measurements  obtained  in  cylinder 
experiments  are  plotted  m  Fig.  5  Dp  versus 

1)P 


reciprocal  -  diameter  (1/0)  and  Fig.  6  Dc 

Dc 

CO 

versus  reciprocal  -  curvature  radius  (1/RC)  of  the 
detonation  front. 


Tig.  5.  IP/DP  vs  1/0 

CO 


Fig  a  IP1  IT'  vs  c 

For  each  composition  we  have  drawn  Fig.  7-8 
and  9  the  curvature  effect  curves  obtained  by 
plotting  detonation  celerity  spherical  Dh  and 
axisymmetrical  l)p  versus  the  reciprocal  radius 
of  curvature  of  detonation  wave. 

It  may  be  noticed  that  for  smaller  curvature 
(large  curvature  radius)  spherical  and  cylinders 
experiments  give  practically  the  same  values  of 
celerity.  But  for  larger  curvatures  (Rt  small),  the 
detonation  celerity  in  the  cylinder  is  significantly 
higher.  These  curves  indicate  different  effects  on 
the  hydrodynamic  behavior  of  detonation  for  a 
steady  flow  in  a  two-dimensional  geometry  and 
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for  unsteady  flow  in  a  one-dimensional  geometry; 
these  two  methods  leading  nevertheless  to  very 
consistent  limiting  values. 


Fig  7  1)  is  C  COM P.\l 
Spherical  61  Cylindrical  Result s 


l  ift  s  1)  t  s  (  (OMP  'U 
Spherical  A  (  \tindncul  Results 


Fig  It.  I)  vs  C  COMP.  72 
Spherical  61  Cylindrical  Results 

CONCLUSION 

We  have  described  the  "LOGOSPHEKE" 
method  which  provides  spherical  diverging 
detonation  wave  velocity  measurements  with 
large  variations  of  the  wave  radius  •  70  -  230  mm. 
We  have  found  a  different  behavior  of  spherical 
diverging  detonation  waves  in  TA'l'B  composi¬ 
tion  compared  to  those  in  HMX  composition.  In 
particular  for  small  curvature  radius  of  detona¬ 
tion  wave,  the  decrement  between  infinite  celeri¬ 
ty  UJ,  corresponding  to  infinite  radius  curvature 
is  about  3-1  ‘7  for  TATB  and  only  1.25  °i  for 
HMX  composition. 

A  comparison  made  with  axisymmetric 
detonation  wave  velocity  measurements  fo"  the 
same  compositions  by  means  of  curves  D  ver¬ 
sus  curvature  shows  a  different  behavior  in  the 
two  geometries. 

The  axisymmetric  wave  gives  a  steady  flow, 
the  spherical  diverging  detonation  gives  an 
unsteady  flow.  We  can  notice  the  good  agree¬ 
ment  between  the  different  velocities  obtained 
by  extrapolating  to  infinite  values  of  curvature. 
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INTRODUCTION  GENERAL  NOTATIONS 

Studying  the  detonation  wave  in  a  right  cir-  Taking  into  account  the  axial  symmetry,  we 

cular  cylinder  of  high  explosive,  J.B.  Bdzil  (1-2)  work  in  a  meridian  plan  and  the  following  nota- 
builds  a  mathematical  statement  of  the  reaction  lions  are  used  in  this  paper: 
zone  behind  the  shock  whose  solutions  lead  to 

a  determination  of  the  shock  locus.  Here  we  pro-  M:  point  of  the  flow  located  just  behind  the 

pound  an  other  approach  of  the  shape  of  the  shock  21 

reactive  shock  front  based  ort  a  transverse  ox:  ax*s  °f  ^ow 

analysis  of  the  physical  variables  in  the  in-  or:  ax>s  °f  the  radial  coordinate 

finitesimal  neighborhood  of  the  shock  front.  In  i:  natural  coordinate  along  the  streamline 

the  first  part  of  the  paper,  a  mathematical  treat-  n:  natural  coordinate  along  the  normal  to 

ment  of  the  flow  equations,  associated  with  the  Uie  streamline 

jumps  relations,  leads  to  write  two  differential  t-*me 

equations  governing  the  front  shape.  As  is  well  u:  magnitude  of  velocity 

explained,  for  instance  by  W.  Pickett  and  W.  D:  celerity  of  detonation 

Davis  (7),  the  complete  determination  of  the  u-t;  magnitude  of  velocity  perpendicular  to 

flow  structure  is  extremely  difficult.  Here  a  the  shock  surface 

special  assumption  allows  the  determination  of  u< :  magnitude  of  velocity  parallel  to  the 

front  shape  in  term  of  the  radius  of  curvature  shock  surface 

on  axis.  The  second  part  shows  how  the  proper  T:  coordinate  along  the  shock 

radius  yields  a  calculated  front  within  2.10  1  X:  deviation  s  angle  of  Hie_streamline 

mm  (inside  90%  of  the  cartridge  diameter)  of  the  through  the  shock  (ox,  u ) 

experimental  one  on  TATB  and  HMX  composi-  V:  normal  inclination  of  the  flow  before  the 

tions.  Finally,  our  analysis  technique  is  used  to  shock 

derive  a  relationship  between  the  “reaction  P-  inclination  s  angle  of  the  shock  at  point 

zone"  thickness,  the  radius  of  curvature  on  axis,  ^  (ox,  I*t );  (V  +  ft  =  H ) 

and  the  diameter  of  the  charge.  2 


I  .  dy  :  local  curvature  of  the  streamline 
R  '  dt 

=  dQ.  ;  local  curvature  of  the  shock 
Rc  dr 

P :  docal  pressure 
v :  specific  volume 
Q  :  denisty  (p-v  =  1) 
q0  :  denisty  of  inert  explosive 
A  :  explosive  reaction  progress  variable 
(o  A  <  1) 

— :  chemical  rate 
dt 

e  :  specific  internal  energy  [e  =  e  (p,v,A)] 
c  :  frozen  sound  speed 

H  =  -  f  Hy  )  Specific  heat  effect  of 
V  3A  yv.P  the 

reaction  at  constant 
pressure  and  volume 


^Ao  =  =  v  ^  ~  )  :  Griineisen 

c)e  v,A  =  o  coefficient  behind 
the  shock 

G0  :  Griineisen  coefficient  of  the  inert 
explosive 

A;B  :  Classical,  experimental  coefficients  of 
the  linear  relationship  between  shock 
and  partical  jump  velocity 

Mo  =  -  :  Initial  Mach  number 

A 

4> :  diameter  of  the  unconfined  charge 


Fig.  1.  Geometrical  representation  of  some 
notations  previously  defined 

Relationship  Between  the  Streamline  Cur¬ 
vature  and  the  Shock  Front  Curvature 

The  flow  equations,  written  for  a  cylindrical- 
ly  steady  flow,  in  the  natural  coordinates  fixed 
to  a  point  M  of  the  streamline  are: 


(mass)  +  tiu£  S12Z  +  j  =  0  (1) 


(momentum) 


(energy) 


u  •  la  +  J-  •  Ifi  =  0  (2) 
d  i  q  dt 

4  =  o  (3) 

R  Q  an 

de  +  p-dv  =  0  (4) 


The  relation  (4)  may  be  written: 

dp  =  c!dp  +  -  dA  151 

withc2  =  V([|l),A  +  p]/(|i)vA. 

Now,  using  (2),  we  express  the  pressure  along 
a  streamline  by: 

(c2-u2)  |P+u  [c2^  +  p*  1=0  (6) 

oiidt  J 

where 

P*=U(lA^)c-v  Gao  dt  <7> 

characterizes  the  effect  of  chemical  process  con¬ 
version  on  the  flow,  and  is  proportional  to  the 
chemical  rate  law  dA/dt.  We  suppose  that  only 
one  scalar  variable  A  drives  the  chemical  reac¬ 
tions  behind  the  shock  (A=0  on  Z). 

Between  the  operators  -fy.f;  and  we  have 
the  relations: 

i-=sin(ip+x>  •  JL +cos(ip+ x)  ’  f-=  ~~ 

3t  3  A  3n 

Equation  (8)  applied  to  x  and  p  with  the  use  of 
(1),  (2),  (3),  (6),  gives  finally  the  needed  relation: 


1-i.R 

(i-JV 

J  i^li 

>VU2  c2A 

Rl  c'  T  l\.lPVu*  c2'dip 

-sin(ip+x)^-J  +cos(tp+x)sin(tp-!-X)' 

fsinx-_£l_)  (9) 

'  r  puc2  ' 

The  quantities  introduced  in  relation  (9)  are 
known  by  mathematical  analysis  using  the 
jump  conditions. 

The  Shock  Relationships 
The  equations  for  an  oblique  shock  are: 


e0-D-cos^=e-uJ_  (io) 

p=g0-D-cosip(Dcosip— uj_)  (11) 

u,/=D-sintp  (12) 

We  add  to  these  relations,  the  classical  expres¬ 
sion  between  shock  and  particle  jump  velocity 


Dcostp=A  +  B  MDcostp-Uj) 

From  equations  (10),  (13),  we  have:  (13) 

Uj_=A-(B~'+M0-cosifr  (l-B’1)) 
tg(ip+x)=M0  •  sinip/(B~'  +M0  •  cosip  •  (1  -B"1)) 
p=p0-M0-cosip/(B  1 +  M0  ■  cosip -(l-B^1)) 
Q-Qo'  4-"  M0 ■  c°sip(M0 •  costp-  D 

tftX=  1  sin2tp  ■  ( IV^Hcosip)  ' )/( M0  ■  B  -  iV^cos^ip  + 
costp) 

dm  =  e°  B  '  Mo  ’  »inV  '  < 1  -  2M0cosip) 


and 

dx  _  y-(2B-l)+y(2-B)-l-M-B 
dip  (y-l)-  +  B(M;)B-2y(y-l)| 

ly  =  M(/  cosip) 

Rehind  the  shock,  three  angles  are  of  fundamen¬ 
tal  interest  for  the  study: 

!)  When  Mw  and  B  are  fixed,  the  term  yl'P) 
shows  a  maximum  for  tp  =  ipm  solution  of  (lj* 


This  angle  is  given  by: 

1  2-B-(B  ,  +  4H-4M-B  +  8l^Mi)'!( 
cosip,  ==  °  V 

■"  M„  2  (1  -2B) 


2)  The  point  Ms  on  the  shock  front  for  which 
ip  =  ips  and  where  the  flow  is  sonic  (u-  =  c-) 

Knowing  that 


where  the  derivative  is  taken  along  the  inert 
shock  adiabatic  of  the  explosive,  we  obtain  the 
angle  ips  corresponding  to  the  sonic  point  by 
tpv-cos  with  ys  solution  of  the  equation 
(u  fu  )=c- 


This  equation  may  be  written  as- 


[i+yU-if  [2(y-l)-G0!5giF] 

— Mo+y2=0, 

where  the  Gr'ineisen  coefficient  GAo  is  taken  as: 

Go=GAo 

V  V 
vo  v 

3)  There  exists  also  a  point  located  on  the  shock 
locus  where  an  angle  value  tpk  annuls  the  coef¬ 
ficient  of  R~'  in  equation  (9). 

We  call  here  this  point  “Crocco  point”  by 
analogy  with  a  plane  flow  without  chemical 
evolution. 

We  can  show  numerically  that  in  most  physical 
cases  (l<Mo<10) 

Vm<Vk<Vr 

For  example,  with  M0=3  and  B=2,  which  are 
two  values  of  consequence  for  our  study,  we  get 
the  following  results: 

ipn=32.98°  Xm-9.9° 

ipk=36.49°  and  Xk  =9.79° 
ips=40.61°  Xs  =9.39° 

With  X<Xm>  G)e  initial  deflection  of  the  flow 
behind  the  3hock  is  small  compared  to  the 
associated  incident  angle  ip  of  the  oncoming 
flow. 

For  angles  determinations,  the  Gr’uneisen  coef¬ 
ficient  is  chosen  as: 

G0=2B  — 5/6 

This  is  the  average  of  the  two  values  given  by 
G0=2B— 2/3  (Slater  model) 

G0=2B  — 1  (Dugdale  Mac  Donald  model) 

Analytical  Study  of  the  Shape  of  the  Reactive 
Shock  Front 

If  x(r)  is  the  equation  of  the  shock  locus  (1)  in 
a  meridian  plan,  we  can  write  (figure  1): 

‘,x  =  tgip  (14) 

dr 

and  the  local  curvature  of  the  shock  front  at 
point  M  (x.r)  is  given  by: 

1  =  ±cosip(dr)  '  (15) 

He  Vlip' 

When  the  point  M,  on  X,  get  out  of  place  starting 
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from  the  axis,  we  have  cosig>o,  and  o,  so 
we  take  minus  sign  in  (15)  to  be  consistent  with 
the  relation 

J_=d£ 

Rc  dr 

The  substitution  of  (15)  in  (9)  gives  the  equation 
dig_r-Z2-sinx  (lg) 

dr  r-Zj 

where 

Z  -_.P*  |  1  -  £cos%+X>  (17) 
2  puc*  R  cos(ig+x)‘sin(ig+x) 

Z  -  cosig  dy  _  1  (  1  _  1  )  costg  .  dp 

cosdg+x*  &P  P  ^u'  c-'-'sin(ig+x)  dig 

(18) 

Now  it  is  possible  to  get,  by  a  theoretical  treat¬ 
ment  of  (14)  and  (16),  a  representation  of  the 
reactive  shock  front  in  cylindrical  symmetry  for 
given  M()  and  B.  Some  remarks  must  be 
presented  now.  liquation  (14)  is  a  geometrical 
one,  and  equation  (16)  is  set  up  by:  the  equations 
of  the  flow  through  the  jump  conditions,  the  in¬ 
itial  chemical  rate  process  through  the  p*  term, 
and  the  curvature  of  streamline  in  the  reaction 
zone  behind  the  shock.  We  note  that  the 
streamline’s  curvature  depends  on  the  distribu¬ 
tion  of  the  flow  variables  in  the  entire  reaction 
zone  Here,  we  do  not  look  the  problem  of  the 
internal  structure  of  the  detonation  front,  so  we 
have  to  postulate  some  physical  assumptions 
for  i  he  behavior  of  p*  and  R  in  the  neighbor¬ 
hood  ol  the  shock  locus.  It  may  be  noted  that 
equation  (16)  was  used  in  a  similar  form  by  the 
Russian  scientists  (3)  in  the  analysis  of  a  possi¬ 
ble  gas  dynamic  limit  of  propagation  for  a  sta¬ 
tionary  detonation.  As  the  problem  we  are  look¬ 
ing.  is  only  a  local  one,  we  restrict  our  study  to 
the  determination  of  the  shock's  curvature  on 
the  axis  where  we  have,  by  symmetry.  R  ■=(). 
Before  integration  we  study  the  behavior  of 
equation  (16). 

This  equation  is  not  a  linear  one  and  we  analyze 
the  trajectories  (r.ip)  in  the  Kuclidean  plane. 
Two  singular  points  a  and  b  appear  in  the  first 
quadrant  whose  coordinates  are  solutions  of 

r-Zj=0 
r  ■  Z2  -stnx=0 


r=o 

ig=o 


and  b 


{ 


r=rK=sinx(tgK>/Z2(lTK) 

tg=tgK=[Z1(tgK)=0] 


We  define  also  the  fundamental  curve  F  by 


r=sinx(ip)/Z2(ip) 

The  trajectories,  solutions  of  j-  ,  cross  the  two 
lines  r=o  and  tg=tgK  horizontally  and  cross  F 
vertically  except  the  a  and  b  points.  As  gjjj  is 
positive  everywhere  on  the  shock  locus,  the 
associated  trajectory  T  must  be  the  one  connec¬ 
ting  a  and  b.  In  this  case  we  sum  up  the 
mathematical  properties  of  the  two  singular 
points  on  Table  1,  using  the  classification  of 
Poincare  (4).  We  have  supposed  that  Z2  (ig)>o 
and  that  (rZj)  and  (rZ2— sinx)  are  analytic  func¬ 
tions  in  the  neighborhood  of  the  singular  points. 
In  Table  1  we  introduce  the  notations: 

Q(igK)=-sinx(igKFzi  («Fk>>0 
I(ipK)=sinx(igK> '  ^~C°SXUPK) ' x  (iPk> 

A2(lgK* 

and  “prime"  is  used  as  a  derivative  notation 
versus  i g. 

In  the  first  quadrant,  the  two  regions,  where 
dr/dig>0.  extend  to  infinity  and  the  trajectory 
T  exists  only  for  an  appropriate  unknown  law 
for  Z2  (tg).  associated  to  the  flow  properties  in 
the  reaction  zone.  So  we  propound  an  assump¬ 
tion  for  fundamental  curve  equation  (F),  taking 
the  zero  order  approximation  for  the  Z2(ig) 
function: 

Z2(ig)=Z2(ig=0)=conslant  (19) 

In  this  case,  the  b  point  is  a  focus,  so  that  the 
approximation  is  not  valid  near  the  charge 
boundary  where  igi^ig,.  Anyway,  a  com¬ 
parison  between  the  numerical  solution  of  (14), 
(16)  with  (19)  and  the  experimental  data  about 
the  shock  locus  will  be  of  interest  because  it  will 
give  some  insight  into  the  validity  of  the 
approximation. 


A  Relationship  between  the  Shock  Front  Cur¬ 
vature  on  the  Axis  (Rr<!)  and  the  Charge 
Diameter  ($) 

Using  formulation  (15)  and  t  he  result  of  table 
1  concerning  the  saddle  point  we  get: 

1  1=  3(0) 

R,j  Z7W+X'<0) 
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(20) 


where  Z,,  and  Z2  are  calculated  at  tp=0  using 
(17)  and  (18)  for  a  given  M0  and  B. 

We  define  now  two  physical  quantities 
associated  to  Z2(o): 


V  p-u'c2  sv-o 


(21) 


and 


1  j=  2.sinX(%)  .  i  (2g) 

R<J  ZjloJ+x'lo)  <f> 

The  coefficient  of  <j>-1  in  the  right  member  of 
(25)  depends  of  M0,  therefore  of  <{>  [(5)  for  in¬ 
stance]  and  we  admit,  as  M0,  that  it  may  be  ex¬ 
pressed  by  an  asymptotic  expansion  versus  1/<|>. 
In  this  case  for  large  charge  diameter  we  have: 


_1 _ lim  rj_ 

(go  ip— 0  L  R 


1-p?  cos2(ip+x) 
cos(ip+x)‘sin(tp+x) 


1  ■  (22) 

1 

J 

lvco 

n(M0,B) 

~T~ 


+  0  (<j>-2) 


(26) 


ico  and  I  are  two  characteristic  lengths 
associated  respectively  to  the  initial  chemical 
conversion  behind  the  shock  and  to  the 
geometry  of  the  flow  in  the  reactive  layer. 


With  these  notation  we  get: 


_ J_ _ 

Z,(0)+x'(0) 


(23) 


Two  other  lengths  characterize  the  flow  in  the 
reactive  layer  on  the  axis  •  e,  the  thickness  of 
it  and  <}>  the  diameter  of  the  charge.  When  ^_>co, 
we  associate  the  following  properties 


-it  l),  ,i  t.‘>i 

.  i  i  i  i 

‘  to  K() 

Z|l  Jt  t-y  Vo/"” 7,(01  +  X  ’(<>) 


When  we  consider  the  limit  of  the  flow  for 
°°.  we  introduce  the  perturbation  parameter 
X=e  i  and  we  express  the  physical  properties 
of  the  reactive  flow  in  an  asymptotic  expansion 
versus  x.  So  we  do  that  for  the  ratio  it,(>uKO=0<x) 
and  we  write  (23)  in  the  general  form: 


=  a„  +  orx  +  o2  x-  +  o(x  ) 

*«» 


(24) 


where  the  oi  are  function  of  M(>  and  B 

On  the  other  hand,  using  the  equation  of  the 
fundamental  curve  F  we  get: 


Z  ,(())= lun  sinxUp) 

ip~*0  r 


and  also. 

z,mv=s,w K’^  sin^ 

1 K  ' 

I  he  sonic  point  of  the  trajectory  is  assumed  to 
be  at  the  charge  boundary,  so  with  (It))  and  (20) 
we  get  to  first  order: 


A  comparison  of  equations  (24)  and  (26)  indi¬ 
cates  then: 


»o  =  0 

and  we  have  finally: 


For  large  charge  diameter,  the  approximations 
retained  lead  to  the  fact  that  the  ratio  between 
the  diameter  and  the  curvature  radius  of  the 
reactive  shock  front  on  the  axis  tends  to  a  finite 
value  when  the  diameter  of  the  charge  tends  to 
infinity.  This  limit  is  proportional  to  the  total 
depth  of  the  reactive  layer,  cross  the  initial 
chemical  rate  dA/dt'vi(.0l  on  the  axis  divided  by 
a  characteristic  celerity  in  the  reactive  flow. 

AN  APPLIC  ATION  OF  THE  MODEL  FOR 
TWO  EXPLOSIVES 

We  used  shock  shape  measurements  and 
detonation  velocity  as  function  of  unconfined 
charge  diameter  achieved  on  two  plastic  bonded 
heterogeneous  compositions:  X  and  T  involving 
respectively  96%  T.A.T.B.  (5).  We  summarize 
some  important  results  on  Table  2. 

The  emerging  detonation  wave  is  obtained 
either  continuously  by  a  streak  camera  or 
discretely  by  optic  fibers  and  coaxial  pins  for 
a  given  diameter  of  the  charge.  We  compare  the 
whole  experimental  reactive  shock  shape  we  get 
to  the  theroetical  one  obtained  by  a  numerical 
solving  of  (14),  (16)  with  (19).  In  this  case,  Z2(o) 
is  a  parameter  |M0  and  B  are  given]  we  have  to 
adjust  by  a  least  square  method  with  the  ex¬ 
periments.  Using  (20)  our  fitting  gives  a  iRC0< 
value  and,  in  a  first  step,  we  retain  this  value 
as  a  first  order  approximation  for  the  "true" 
value  of  the  curvature  radius  of  the  reactive 
shock  front  on  the  axis. 
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TABLE  1 

Behavior  of  the  Two  Singular  Points  a  and  b 


Slope  of  the 
separatrice  T 
connecting  (a) 
and  (b) 


Slope  of 


Scheme  of 
trajectories  in 
the  case  of 
one  tangent 
node  for  (© 


©(i  =  0 


a  saddle  [  'Xto)'Z.(o)  )*£>] 


$)a  =[zo (o)hX'(o)] /zjo)  >o 

(^)  =  0  (the  second  separatrice  of®point) 


(SjF@  ; 


,i>t, 

4>/i  =  *5  .  _  _ _ 


sin  %  j^) 

z2<»k» 


a  one  tangent  node  if  0<"I  t'fi-)  -  4  J2.  (ty) 
a  two  tangent  node  if  O  < 


dr)  -r  T(%) 
Tf©  K’ 


(T)/  •  / 


/  /  \ 
/ 

/ 


Remark 


Calling  i)>  diameter  of  the  unconfined  charge,  the  point  S  which  is  on  the  boundary  of 
the  charge  is  a  some  one  :  Y  -  Ys  (1,3)  and  we  have  also  Vs  'V  Yk 

VY K>>  °  ||)p@>  O  — >X(YK)and;-2(yK)  <  O 

So,  neglecting  a  V  effect  on  the  R  *  term  in  Z,,  we  get  ^  0 

‘  any 


TABLE  2 

Main  Results  about  the  Detonation  and  Shock  Properties  of  the  Two  Explosives  X  and  T 


i  Qo 

!<g-cm  J) 

Doo~Dcj 

(mnr^s  ') 

X  1.822 

8.789 

T  1.800 

7.715 

“"indicate  values  near  the  critical  diameter 


(mm) 

A 

(mnrps  ') 

B 

2.890 

1.996 

CV5() 

2.499 

2.096 

The  integration  of 

dtp  =  r~Z2(o)-sinx(tp) 
dr  r-Z  ,(tp) 

i2L=tgt^ 

dr 

(with  Z2(o)=— °g+y~)  by  a  fourth  order  Runge- 
Kutta  method,  isorought  about  using  a  start¬ 
ing  point  closed  to  a  chosen  as: 


ro  =  5.10~3mm 

ipo= . 12—  (|Rco[  is  the  parameter 

\Rco\  adopted  for  integration) 

xo=ro.tgipo 

For  this  numerical  trials,  we  separate  the 
negative  and  positive  values  for  r  on  the  records 
to  take  into  account  the  possible  dissym¬ 
metrical  effect  due  to  experiments.  By  this  way, 
we  define  the  curvature  radius  on  the  axis  by 
the  average  of  the  two  values  |Rco|±  optimized 
after  integration.  On  Figures  2,  3,  4,  5,  we  show 
some  experimental  (E)  and  theoretical  reactive 
shock  locus  (M)  obtained  for  X  and  T  composi¬ 
tions.  On  Table  3  we  have  reported  the  final 
results  we  get  for  |Rco|  at  various  <}>,  and  on 
figures  6  and  7  the  plot  of  <}>/|Rcoi  versus  l/<f> 
compared  to  a  linear  regression. 


Figures  2  to  b  show  that  the  solution  of  our 
equations  in  the  approximation  retained  fits  the 
experimental  front  with  a  systematic  error  due 
to  the  difficulties  in  the  adjustment  of  realistic 
boundary  conditions  taking  account  simultan¬ 
eously  of  the  specific  properties  of  the  singular 
points  «  and  b.  One  of  these  point  standing  in 
the  vicinity  of  the  charge  boundary  (ipK'v'tps). 
On  the  other  hand,  the  determination  of  IRcoi, 
we  got,  agrees  well  with  relation  (27)  to  first 
order.  Writing  <f>/|Rco|  under  the  form 


Jl 

Rco 


=a  + 


b 

T 


we  get  for  the  two  explosives: 

comp.X  (  a=0.0717  comp.  T  (  a=0  1383 

(  b=  1.9539mm  ^  b=3.8394mm 

Now  using  relation  (27)  and  the  data  reported 
on  Table  2,  it  is  possible  to  estimate  the  ratio 
between  the  thickness  of  the  reactive  layer  for 
the  two  chosen  compositions.  For  that  we  take 
into  account  the  analysis  develped  in  (3)  which 


shows  that  <j>*  is  determined  only  by  the  initial 
rate  of  the  reaction  behind  the  shock  at  the 
charge  boundary.  Assuming  that  ^given  by 

(21)  is  of  the  same  order  of  -°^-) at  the 
critical  diameter  we  can  write:  iconj<|>*.  Noting 
also  that  the  quantity  M0  and  B  are  of  the  same 
order  for  both  compositions,  we  have: 

fa]T_[e  lT.[i~co]x  fe  IT  .  f<j>*lx 
[a]x  (e]x  [i  co]T  ~  [e]x  [<j>*]T 

A  numerical  trial  gives: 

[111=9.2 

(e]x 

With  our  assumptions,  we  show  that  the  reac¬ 
tion  layer  is  much  larger  in  T  composition  than 
in  X  composition.  This  result  agrees  with  the 
one  obtained  by  ignition  and  detonation  calcula¬ 
tions  on  octogen  and  T.A.T.B.  explosives  (6). 
With  an  explosive  such  as  T,  the  explosive 
energy  is  not  released  immediately  on  the  shock 
front  as  assumed  by  the  C.J.  theory. 


D=7.726  mm.ps  1 


D=7.621  mm.ps 
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TABLE  3 

Axial  Curvature  Effect  on  the  Shock  Front  Versus  Diameter  of  the  Charge  for 

X  and  T  Compositions 


6  Comp.  T 
4  Rco  (1  4i 


Fig.  7  Comp.  X 
4  Rco  (i  4* 


CONCH  SION’S 

The  axisvmmetrieal  reactive  front  has  been 
analysed  using  flow  equations  and  jumps  con¬ 
ditions  As  usual,  the  well  known  difficulties,  to 
translate  into  tractable  analytical  expressions 
the  boundary  conditions,  are  encountered.  They 
are  resolved  through  a  zero  order  analysis  of  dif¬ 
ferential  equations  leading  to  Z.,(ip)=0.  Then 
the  front  shape  is  obtained  as  a  function  of  cur¬ 
vature  on  the  axis.  Variations  of  this  parameter 
can  narrow  the  gap  between  the  experimental 
and  calculated  fronts  to  less  than  2.10  'mm  in- 
Mde  90'  <  of  the  charge  diameter.  Outside,  the 
rarefactions  waves  unvalicl  the  adopted  model. 


This  hypothesis  also  permits  us  to  derive  a  sim¬ 
ple  relation  between  the  diameter  of  the  charge, 
the  curvature  of  the  front  on  the  axis  and  the 
so  called  “reaction  zone"  thickness.  With  this 
model,  the  ratio  of  the  thickness  of  TATB  com¬ 
position  to  HMX  one  is  of  order  of  10. 
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A  GENERALIZED  C-J  CONDITION  FOR  SIMPLE  AXIAL  FLOW  WITH  A 
SPHERICAL  SHOCK  FRONT:  ITS  APPLICATION  TO  THE  SLURRY  EXPLOSIVES 


H.  Matsui,  A.  Moritar.i,  K.  Yoneda  and  T.  Asaba 
Department  of  Reaction  Chemistry,  The  University  of  Tokyo 

Tokyo,  Japan 


A  simple  theory  with  a  generalized  C-J  condition  is  tested  by  solv¬ 
ing  the  conservation  equations  for  axial  symmetric  flow  with  an  ap¬ 
proximation  of  the  loss  term  induced  by  the  shock  front  curvature. 
The  radius  of  it  is  estimated  by  simplifying  the  boundary  condition 
at  the  interface  of  the  unreacted  explosive  and  the  wall  material  The 
realistic  equations  of  state  are  used  both  for  unreacted  explosive  and 
the  reaction  products.  A  confinement  factor,  V,  is  introduced  so  that 
the  effects  of  the  radius  of  the  explosive  as  well  as  the  wall  material 
can  be  discussed.  Experimental  results  on  the  diameter  effect  of  the 
slurry  explosive  are  compared  with  the  theory. 


INTRODUCTION 

There  have  been  many  theoretical  studies  on 
the  diameter  effect  for  steady  propagation  of 
det  "otion  in  condensed  materials.  The  recent 
dev  .,/inent  of  computers  has  made  direct 
numerical  calculations  on  the  problems  of  multi¬ 
dimensional  fluid  dynamics  possible,  and  many 
useful  informations  on  this  problem  have  been 
obtained  by  this  technique  (1).  Such  calcula¬ 
tions,  however,  are  usually  time-consuming  and 
inadequate  to  use  for  various  parameters  in 
order  to  discuss  the  general  te  adencies  of  steady 
detonation  thus  far. 

There  have  been  two  types  of  modeis  for  ob¬ 
taining  analytical  solutions.  The  first  model  is 
so-called  "Nozzle Theory"  which  is  based  on  the 
one  dimensional  conservation  equations  with 
variable  cross  section  proposed  by  Jones  (2). 
The  similar  model  was  employed  in  the  works  of 
Somr  ers  and  Morrison  (3)  and  uabora  (4)  et  al... 

These  theories  are  semi-empirical  since  they 
employed  additional  assumption  in  order  to  ob¬ 
tain  the  stead  -  condition.  The  rigorous  steady 
condition  for  this  model  was  obtained  in  the 
analysis  ot  Tsuge  et  al.,  (5)  who  solved  the  eigen 
value  problem  by  numerical  integration  of  the 
one-dimensional  conservation  equations. 

As  the  “Nozzle  Theory”  is  bas- u  on  the 
assumption  that  the  leading  shock  wave  is 


planar,  it  may  be  a  good  model  for  gaseous 
detonation  with  non-rigid  boundary  condition. 
The  second  type  of  the  model  is  so-called 
"Curved  Front  Theory”  which  deals  with  the 
flow  behind  the  non-planar  shock  wave.  Eyring 
et  al.,  (6)  solved  the  problem  based  on  the  one 
dimensional  conservation  equations  with 
spherical  symmetry.  The  realistic  treatment  for 
the  steady  detonation  in  condensed  explosives 
was  done  by  Wood  and  Kirkwood  (7),  Fay  (8), 
Sichel  (9J.  Bdzil  and  co-workers  (10-12), 
Thouvenin  (13)  and  Chan  (14). 

Bdzil  and  co-workers  solved  two-dimensional, 
axial-symmetric  flow  problem  by  using  small 
perturbation  approximation  originally  proposed 
by  Wood  and  Kirkwood.  They  calculated  on 
various  practical  systems  of  detonation  in  con¬ 
densed  phase  without  employing  any  empirical 
assumption  for  obtaining  the  steady  condition 
except  for  the  shape  of  the  shock  wave. 

The  purpose  of  this  study  is  to  develop  a  sim¬ 
ple  theory  without  using  a  small-perturbation 
approximation  so  that  the  characteristics  of 
condensed  explosives  which  have  relatively  long 
reaction-zone  length  can  be  calculated. 

The  approximation  of  a  spherical  leading 
shock  wave  is  used  in  this  analysis. 

In  addition,  only  the  central  stream  along  the 
symmetric  axis  is  taken  into  account  for 
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simplicity.  The  effect  of  the  shock  front  cur¬ 
vature  on  the  axial  flow  is  evaluated  by  the 
same  method  of  Thouvenin  (13),  but  the  condi¬ 
tion  for  steady  propagation  of  detonation  is 
evaluated  non-empirical  way,  i.e.,  it  is  searched 
by  solving  eigen  value  problem  numerically. 

The  effect  of  the  wall  material  on  the  steady 
detonation  is  another  important  subject. 
Although  only  limited  experimental  informa¬ 
tions  about  the  relative  efficiencies  of  the  con¬ 
finement  of  detonation  by  various  wall 
materials  have  been  obtained,  prediction  of  it 
by  using  a  simple  theory  may  be  useful.  In  the 
present  study,  experimental  data  on  the  detona¬ 
tion  velocity  of  a  slurry  explosive  are  compared 
with  the  theoretical  results.  A  parameter,  V, 
which  is  a  measure  of  the  efficiency  of  the  con¬ 
finement  by  the  wall  is  tested  by  comparing  the 
theory  with  the  experimental  data. 

BASIC  EQUATIONS 

The  model  of  the  flow  used  in  this  study  is 
schematically  shown  in  Fig.  1.  It  is  assumed 
that  the  flow  is  steady,  inviscid  and  axially  sym¬ 
metric  with  a  spherical  leading  shock  (radius:  Rc) 
which  propagates  in  an  explosive  of  radius  Ro. 
Let  the  flow  velocity  incident  to  the  shock  be 
D,  axial  and  radial  coordinates  be  z  and  r, 
respectively,  the  velocity  components  for  the 
shock-fixed  coordinates  be  u  and  v,  respectively. 
The  conservation  equations  are  expressed  as 
follows. 

conservation  of  mass: 
u  d  p  d  z  +  v  dpi  dr 

(1) 

+  p|3u.  3z  +  v/r+ 3v'3r)  =  0 
conservation  of  momentum: 
u3u/3z  4  v3u/3r  +  ( 1/p) dpi dz  =  0  12) 
udvdv.  +  vdvld  r  +  (l/p)3p/3r  =  0  (3) 
conservation  of  energy: 
u  d  0' d  z  +  v  d  e/  d  r 

(4) 

-  <p q2;(u3p/3z  +  v3p/3rj  =  0 

where,  Q  is  the  total  density  of  the  flow,  p  is  the 
pressure,  and  e  is  the  total  internal  energy, 
respectively. 

Now,  it  is  assumed  that  a central  stream 
along  the  symmetric-axis  43  important  in 
deciding  the  C-J  condition,  then  the  conserva¬ 
tion  equations  at  the  center  of  the  symmetry 


Fig.  1.  The  Model  of  The  Flow  Used  in  This 
Study 

can  be  written  as, 

d(pu)/dz  +  2 p  f(z)  =  0  (5) 

du/dz  +  (1/pu)  dp/dz  =  0  (6) 

de/dz  -  p/p2  dp/dz  =  0  (7) 

where,  the  loss  term,  f(z)  can  be  expressed  as 
follows  (13). 

f(z)  =  3v/  d  r)  r_0=Lim(v/r) 
r~*0 

(8) 

=  (D-u)/(Rc— z) 

The  expression  in  Eq.  (8)  is  consistent  with  the 
results  of  small-perturbation  theory  for  small  z 
(14).  The  equation  of  state  for  the  unreacted 
explosive  is  assumed  to  be  expressed  by  Mie- 
Gruneisen  equation,  i.e., 

es-ek  =  <Ps~Pk>/r  0) 

where  T  is  Mie-Gruneisen  parameter  and 
subscripts  s  and  k  denote  the  conditions  for  the 
unreacted  explosive  and  the  reference  state, 
respectively.  The  reaction  products  are  treated 
as  gas  phase  which  obey  the  following  equation 
of  state, 

Pg(Vg-b)  =  R  Tg  (10) 

where,  b  is  a  constant  which  is  calculated  so 
that  Eq.  (10)  agrees  with  Kihara-Hikita  equa¬ 
tion  (15)  at  the  pressure  and  the  temperature 
range  of  interest,  R  the  gas  constant  and  the 
subscript  g  denotes  gas  phase  condition.  The  in¬ 
ternal  energy  of  the  flow  is  written  as, 

e  =  w  e  +  (l~w)  e 

s  (ID 

+  w  Hs  +  (i-w)  Hg 

where,  Hs  and  Hg  are  the  standard  heat  of  for¬ 
mation  summed  over  all  the  components  of  the 
unreacted  explosive  and  the  reaction  products, 
respectively,  and  w  is  the  weight  fraction  of  the 
unread  *d  explosive.  Also  the  total  density  can 
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be  expressed  by  the  combination  of  the  com¬ 
position  of  the  reactive  system  as, 

q  =  [w/ps  +  (l-w)/^]1  (12) 

and  the  reaction  rate  law  is  assumed  to  have  the 
form: 

dw/dz  =  AfW/u  Exp(-Ea/RT)  (13) 

where,  Af  and  Ea  denote  the  Arrhenius’  pre¬ 
exponential  factor  and  the  activation  energy, 
respectively.  Initial  condition  behind  the  shock 
front  is  calculated  by  using  the  simple  relations, 

D  =  c  +  s  up  (14) 

where,  D  is  the  detonation  velocity,  c  and  s  are 
constants  decided  empirically  for  unreacted 
explosive  and  up  is  the  flow  velocity  measured 
at  laboratory  coordinate.  For  the  calculation  of 
porous  explosive,  the  simple  relation  proposed 
by  Erkman  and  Edwards  (16)  is  used,  i.e., 

P,  *  p°  (Voo— V,  — 2V,/n 
;(Vo-v1-2V/D 

where,  V  =  1/p.  subscript  i  denotes  the  condition 
behind  the  shock  front,  Vo  is  the  specific  volume 
of  porous  explosive  in  front  of  the  shock  wave, 
Voo  is  the  sped'  ic  volume  of  the  same  but  non- 
porous  explosive  and  p°  is  the  shock  pressure 
for  this  non-porous  explosive  for  the  same  Vj. 

lb  using  Eq.  tl4),  (15)  and  the  conservation 
equations.  V^pj.e,  and  u,  are  calculated  suc¬ 
cessively.  By  assuming  that  heat  capacities  for 
the  unreacted  explosive  Cv,,  and  the  reaction 
products  Cvg  are  constant  and  that  T,  =  Tg 
and  ps  =  p  ,  then  the  other  variables  at  the 
shock  are  all  decided. 


By  introducing  nondimensional  variables, 
conservation  equations  are  expressed  as 
follows, 


where,  |=z/Ro,  £=p/e0UjD,  H>=QlQ0,  ips=QjQ0, 
ip g=eg/e0,  <|>=u/Uj,  C  =Cvg/R,  Cs=Cvs/R, 
r)(|)=Uj  f(z)/Ro,  A=Ui/b,  A’=uk/D,  b'=g0b, 
eg=e 'UjD,  H's=Hs/u;D,  Hg=HJUjD  are  the 
non-dimensional  variables,  and  the  matrix  ele¬ 
ments  in  Eq.  (16)  are  defined  as  follows:  a14= 
Atp<j>,  a22=wipj>/yjl  a23=(l-w)ipj>/yj2  a31  = 
w/(rtps)+C  (l-w)(l/tp  -b'),  a32=(w/rip|)[(A7 
A-0(r +l)/-x2(r+2)Atps],  a33=-£/tpg(l-w) 
(1+C  ),  a41  =  (l/I>s)-Cs(l/ip  -b'),  a42= 
a/f>s)  [A,2;A(r+i)-A'2/(Atps)(r+2i-a  a43=cs 

£/ip|.  b2=tp<|>(l/ips— l/tpg)dw/d|  — 2rj),  b3= 
-  [Qllips~  l/tpg)  -r  (es'  -eg'+ Hs'-  Hg], 

THE  STEADY  CONDITION 
(C-J  CONDITION) 

Eq.  (16)  can  be  written  in  the  form  of  dXj/d| 
=  Fj IGy  where  Xj  (j  =  1.2, 3, 4)  are  £,  i ps,  ipg, 
and  41,  respectively;  i.e., 

nondimensional  presure: 

d£/d|  =  Fj/Gp  (17) 

where, 

F  j  =  —  n  j  .t  (c1c4-c2c3)b2+(a23c3- 

a22cl^l  ~(a23ct  “a22c2^2 

and 


Gi  —  (c,c4  c2c3) 

(18) 

nondimensluna!  density  of  the 
explosive: 

unreacted 

dips/d£  =  F2/G2 

=  (c4d,-c.,d2)/(c1c4-c2c3) 

(19) 

non-dimensional  density  of  the 
products: 

reaction 

dip^d^  =  F3/G3 

=  (c,d2-c3d1)/(c1c,-c2c3) 

(20) 

nondimensional  flow  velocity: 

df'dA  =  F4/G4  =  -<d$/d|)/a14 

(21) 

where,  c1  =  a11a22a31  +  a32, 
c2  =  alla23a31  +  a33’ 
c3  =  aHa22a41+a42' 

C4  =  a14a22a41  +a43- 
di=a,.,a31b2+b3 
and,  d2=a14a41b2. 

Simultaneous  equations  of  (17)-(21)  can  be 
integrated  numerically  if  one  assumes  the 
velocity  of  the  detonation  D  and  the  radius  of 
the  shock  wave  lie.  If  the  shock  wave  is  suffi¬ 
ciently  strong  enough  to  induce  the  exothermic 
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reaction,  flow  is  accelerated  due  to  chemical  heat 
release,  then  the  denominators  in  these  equations 
(Gj-G4)  approach  to  zero,  i.e.,  the  solution  of  the 
equations  has  a  singular  point  at  the  condition, 

CjC4  C2C3  0  (22) 

The  fluid  dynamical  steady  condition  (C-J  condi¬ 
tion)  is  satisfied  in  the  case  that  the  numerators 
in  the  equations  (Fj-F4)  also  converge  to  zero 
at  the  singular  point  simultaneously.  This  can 
be  easily  proved  by  using  Eq.  (22).  An  example 
which  shows  the  dependence  of  the  asymptotic 
value  of  Fj  at  Gj  =  0  on  assumed  D,  is  shown 
in  Fig.  2.  The  condition  that  satisfies  Ft  =  0  in 
the  figure  corresponds  to  the  solution  for  the 
steady  detonation. 


s _ t . i.„ _ 1 _ 1 _ 

4.0  a.2  0  4.4 

SHOCK  VELOCITY 
(km/sec) 


Fig.  2.  An  Example  of  The  Calculation  on  The 
Asymptotic  Value  of  Fj  at  The  Singular  Point 
tGt—()l  for  Obtaining  The  Eigen  Value  on  The 
Detonation  Velocity,  !) 

RADIUS  OF  THE  SPHERICAL  SHOCK 
WAVE 

In  order  to  simplify  the  analyses,  the  shock 
front  is  assumed  to  have  a  constant  radius  Itc 
which  can  be  calculated  by  giving  a  simplified 
boundary  condition  at  the  edge  of  the  unreacted 
explosive  For  the  oblique  shock  wave  with  an 
inclination  angle  a  at  the  edge  of  the  unreacted 
explosive,  the  empirical  relation  similar  to  Eq. 
(14), 

D  sin  a  =  c  +  s  up  (23) 

is  assumed  to  hold  where,  up  is  the  velocity 
component  behind  the  shock  front  normal  to  it, 


For  the  spherical  shock  front,  the  curvature  of 
the  shock  is  calculated  by  the  relation, 

Rc/Ro  =  1/cosa  (24) 

In  the  case  that  the  explosive  is  unconfined, 
the  boundary  condition  is  written  as  follows, 

a  =  sin'^c/D)  (25) 

then  radius  of  the  shock  Rc  is  evaluated  by  Eq. 
(24). 

In  the  case  that  the  explosive  is  heavily  con¬ 
fined,  the  flow  in  the  wall  material  has  to  be  con¬ 
sidered.  In  the  present  study,  the  empirical 
shock  relation  for  the  oblique  shock  in  the  wall 
material, 

D  sin/3  =  c'  +  s'  up'  (26) 

is  again  used  where,  the  flow  in  the  wall  is  also 
assumed  to  be  supersonic,  i.e.,  D  >  c',  (1  is  the 
inclination  angle  of  the  shock  wave  in  the  wall 
at  its  inner  boundary,  c'  and  s’  are  the  constants 
for  the  wall  material  and  u'p  is  the  velocity  com¬ 
ponent  normal  to  the  shock  in  the  wall.  It  is 
assumed,  in  addition,  that  the  reflected  wave 
produced  at  the  intersection  of  the  two  oblique 
shock  wave  at  the  interface  of  the  explosive  and 
the  wall  material  is  not  so  strong.  In  this  case, 
the  boundary  condition  is  written  in  the  follow¬ 
ing  way, 

*  matching  of  the  deflection  angle  of  the  stream: 

o~lan-1[(D  sino  -  up)/D  cosoj 

=  /3 —  tan- 1|(0  sin  /3  —  up')/D  cos/3)  (27) 

*  matching  of  the  shock  pressure: 

Q0  sino(D  sino  -  c)/s 

=  Po  sin/3(D  sin/3  -  c')/s'  (28) 

where,  p0  and  p'0  are  the  initial  densities  of  the 
explosive  and  the  wall  material,  respectively.  By 
giving  D,  0  and  /3  can  be  calculated  so  that  they 
can  satisfy  the  conditions  (27)  and  (28)  simul¬ 
taneously,  then  Rc  is  decided  from  Eq.  (24). 

It  should  be  noted  that  the  simplified  boun¬ 
dary  condition  used  in  this  analyses  is  not 
always  valid,  strong  reflected  shock  wave  or 
rarefaction  wave  produced  at  the  interface  can 
affect  the  flow  condition  behind  the  shock  wave 
in  some  case,  so  the  verification  of  the  assump¬ 
tion  has  to  be  done.(17)  In  this  study,  measure¬ 
ment  of  the  curvature  of  the  shock  front  in  a 
slurry-explosive  has  been  performed  via  the 
multi-pin  technique.  The  experimental  results 
supported  the  above  simplified  model  in  this 
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case  within  the  experimental  accuracy,  both  for 
the  unconfined  case  and  for  the  heavily  confined 
case  in  a  thick  steel-pipe. 

According  to  the  present  simple  theory,  the 
loss  term  is  governed  by  the  magnitude  of  Rc, 
as  can  be  seen  in  Eq.  (8),  i.e.,  as  far  as  Rc  is  the 
same,  the  present  theory  yields  the  same  steady 
condition  even  if  the  wall  condition  is  different. 
The  similar  conclusion  was  derived  in  the  per¬ 
turbation  theory  by  Wood  and  Kirkwood,  and 
Bdzil  and  co-workers  (7),  (10)-(12). 

The  diameter  effect  of  detonation  velocity,  D 
has  been  traditionally  shown  against  reciprocal 
charge  radius,  1/Ro. 

It  may  be  convenient  to  use  a  confinement 
parameter  defined  as, 

T  =  Rc(confined)/Rc(unconfined)  (29) 

since  this  parameter  gives  a  rough  measure  on 
the  efficiency  of  the  confinement  by  the  wall 
material.  The  correlation  of  D  for  different  wall 
conditions  may  become  clear  if  one  plots  D 
against  l/(4JRo)  instead  of  1/Ro. 

EXPERIMENT  ON  SLURRY 
EXPLOSIVE 

Experiment  in  a  slurry  explosive  has  been  per¬ 
formed  on  the  diameter  effect  and  the  effect  of 
confinement  in  steel  tubes.  The  composition  of 
the  explosive  was;  31%  ammonium  nitrate  + 
56%  monomethylamine  nitrate  +  13%  water  in 
weight  fraction,  respectively.  The  initial  densi¬ 
ty  of  the  explosive  was  adjusted  by  the  fraction 
of  added  air-bubbles.  The  explosive  was  confined 
in  steel  tubes  of  40  cm  in  length,  15,  27  and  40 
mm  i.d.,  with  various  wall  thickness  of  2  •  20  mm, 
each.  For  the  experiments  on  the  unconfi.’ied  ex¬ 
plosive,  thin  sheets  of  paper  of  the  same 
diameter  and  the  length  were  used.  The  initial 
density  of  the  explosive  was  about  1  g/cm3.  The 
detonation  velocity  was  monitored  continuous¬ 
ly  by  using  the  resistance  wire  method  ( 1 8).  Two 
examples  of  the  measurements  are  shown  in  Fig. 
3-(a)  and  (b).  From  the  analyses  of  the  slope  of 
the  oscillogram  trace,  velocity  of  the  detonation 
can  be  evaluated.  In  Fig.  3-(a),  the  case  for  large 
charge-diameter  with  thick  steel  wall  (Ro  =  2  cm 
and  wall-thickness,  t  =  5  mm)  is  shown. 

In  this  case,  detonation  propagated  stably. 
For  the  explosive  with  small  charge-diameter 
and'or  confined  in  thin  wall  tube,  the  propagation 


Flg.3-(b) 


Fig.  3  Examples  of  Oscilloscope  Traces  for  The 
Determination  of  The  Detonation  Velocity  in 
The  Slurry  Explosive  via  The  Resistance  Wire 
Method 

a)  Q0—0.96  g/cm3,  Ro=2.0  cm,  wall  thickness, 
t=0.5  cm. 

b)  q0=0.96  g/cm3,  Ro—0.75  cm,  t=0.2  cm. 
vertical  scale  indicates  the  distance  of  z- 
direction  (8  cm/div.)  and  the  abscissa  the  time 
(20  p  sec/div.) 

became  unstable  as  is  shown  in  Fig.3-(b),  (Ro  = 
0.75  cm,  6  =  2  mm),  but  still  showed  a  steady 
propagation  in  average. 

The  experimental  results  of  the  dependence 
of  D  on  the  thickness  of  the  wall,  t  and  the 
charge-radius,  Ro  are  summarized  in  Fig.  4.  For 
the  unconfined  case,  the  explosive  with  Ro  = 
2  cm  showed  steady  propagation  of  detonation, 
but  for  those  with  Ro  =  1.35  and  0.75  cm  no 
stable  detonation  was  observed.  It  is  also  shown 
in  the  figure  that  the  velocity  of  detonation  in¬ 
creases  as  t  increases  but  finally  approaches  to 
constant  velocity  for  each  charge-radius.  This 
fact  suggests  that  the  perturbations  induced  at 
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Fig.  4.  Experimental  Results  on  The  Detona¬ 
tion  Velocity  in  the  Slurry  Explosive  Showing 
The  Effects  of  The  Charge  Radius  Ro  and  The 
Wall  Thickness  t  Confined  in  Steel  Tubes 

the  outer  boundary  of  the  steel  tube  cannot 
affect  the  effective  reaction  zone  of  the  explo¬ 
sive,  if  the  wall  is  sufficiently  thick.  The  experi¬ 
mental  data  for  sufficiently  thick  wall  tube  may 
correspond  to  the  theoretical  boundary  condi¬ 
tion  of  the  present  study  because  the  effect  of 
the  outer  boundary  condition  is  ignored  in  the 
calculations. 

COMPARISON  OF  THE  THEORETICAL 
CALCULATION  WITH  THE  EXPERI¬ 
MENTAL  RESULTS 

In  the  piactieal  calculation  for  the  detonation 
in  the  slurry  explosive,  the  following  parameters 
are  used: 

Hs=  ~5.01x!06  J/kg,  Hg= -8.03xl06  J/kg, 
p0=103  kg/m3,  c  =  2140  m/s,  s~  1.926, 
T =0.90,  Cvs=2100  J/kg  K,  Cvg=600  J/kg  K, 
£),/=  7.84  kg/m3,  c'=3800  m/s  and  s  — 1.58. 

In  the  calculation,  reaction  is  assumed  to  pro¬ 
ceed  via  a  single  chemical  process  with  first 
order  reaction  rate  constant,  k  =  Af 
Exp(-Ea/RT).  The  activation  energy,  Ka  is 
assumed  to  be  40  kcal/mol  or  60  kcal/mol.  In¬ 
tegrations  are  performed  by  Gear  method. 

The  result  of  the  calculation  for  the  uncon¬ 
fined  case  with  Ro=0.5.  2.0  and  20.0  cm  are 


summarized  in  Fig.  5,  where  the  pre-exponential 
factor  Af  is  varied  in  a  wide  range.  The  detona¬ 
tion  velocity  in  each  diameter  approaches  to  an 
ideal  detonation  velocity  for  large  A{,  while 
no  steady  solutions  have  been  found  for  small 
A{  (limit  for  steady  propagation). 


0  (km/sec) 


Fig.  5.  Calculated  Results  of  The  Detonation 
Velocity  in  The  Slurry  Explosive  against 
Arrhenius'  Pre-exponential  factor  A,: 
solid  curves  are  the  solution  forEa—60  kcal/mol 
and  dash-dott  curve  for  Ea=40  kcal/mol 

The  experimental  results  are  compared  with 
the  theoretical  ones  in  Fig.  6  with  assumed 
Arrhenius’  parameters.  Both  the  experimental 
data  on  unconfined  and  experimental  data  on 
unconfined  and  heavily  confined  explosives  are 
plotted  in  the  same  figures  against  l/(TRo), 
where  T  is  estimated  bv  using  Eqs.  (24),  (25), 
(27)  and  (28).  As  is  shown  in  the  figure,  the 
calculated  detonation  velocity  depends 
noniinearly  on  inverse  of  the  charge  radius.  Also 
it  is  shown  that  the  agreement  of  theory  and 
experiment  is  excellent  if  the  rate  constant  is 
properly  chosen. 


CONCLUSION 

A  simplified  theory  on  the  central  stream  of 
axial-symmetric  flow  behind  a  spherical  shock 
has  been  tested  for  the  slurry  explosive.  The 
dependence  of  the  detonation  velocity  on 
reciprocal  charge  radius  is  shown  to  be  non¬ 
linear.  Although  the  present  theory  is  based  on 
the  approximations  of  simpie  axial  flow  with  a 
spherical  shock,  it  may  be  useful  for  the  estima¬ 
tion  of  the  general  characters  of  the  explosive. 
It  is  well  known  that  the  solutions  for  the 
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Tig  I)  Comparison  of  The  Experimental  Data 
u  ith  Theory  for  Various  Hate  Constants  on  The 
Detonation  Velocity  of  'The  Slurry  Explosive- 
circle,  experimental  data  for  the  unconfined 
charge,  square,  experimental  data  for  confined 
charge  in  a  steel  tube  t Open  and  shaded  symbols 
denote  the  steady  and  unsteady  propagation, 
respectively ) 

a)  calculation  for  Ea~60  kcairnol 

b)  calculation  for  Ea— 40  heal  mol 

steady  detonation  by  using  the  generalized  C-J 
condition  have  two  esgen  values  tor  a  certain 
value  ol  the  charge  diameter.  In  the  present 
study  the  lower  eigen  value  of  the  detonation 
velocity  has  not  been  searched  because  of  the 
limit  of  the  computation  time. 


Comparison  of  the  experimental  data  with  the 
theoretical  ones  may  suggest  that  the  theory  can 
be  applied  to  predict  the  diameter  effect  and  the 
effect  of  the  wall  material,  at  least  qualitatively, 
if  a  confinement  factor  is  used  in  the  analyses. 

Although  this  factor  seems  very  useful,  many 
more  works  have  to  be  done  in  order  to  test  its 
validity. 
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DISCUSSION 

C.  G.  BROCKET,  Poitiers,  France 

Did  you  try  to  use  intermediate  confinements 
in  your  calculations  or  experiments,  I  mean 
light  confinement  whose  impedance  is  between 
that  of  air  and  that  of  heavy  confinement?  In 
other  words  have  you  tried  to  check  your  con¬ 
finement  parameter  M7? 

REPLY  BY  F.  MATSUI 

The  present  theoretical  analyses  essentially 
requires  that  the  flow  inside  the  wall  material 


should  be  supersonic  as  well,  but  this  condition 
is  not  satisfied  experimentally  in  our  case  for 
the  light  confined  charges.  This  makes  the 
situation  too  complex  for  usage  of  simple 
theories.  Thus  only  what  we  could  examine  in 
our  experiment  were  limited  to  the  two  extreme 
cases,  i.e.,  unconfined  and  heavily  confined 
charges,  where  we  found  that  the  measured  cur¬ 
vature  of  the  shock  front  was  approximately  the 
same  with  that  predicted  by  the  present  sim¬ 
ple  theory  for  the  unconfined  case,  while  the 
experimental  accuracy  for  the  latter  case  was 
insufficient  because  the  curvature  was  too  large 
(Rc=10  R0). 


A  SMALL  DIVERGENT  DETONATION  THEORY  FOR 
INTERMOLECULAR  EXPLOSIVES 


I.  J.  Kirby  &  G.  A.  Leiper 
Detonation  Research  Group 
ICI  PLC,  Stevenston, 
Ayrshire,  Scotland 


A  specific  application  of  the  theory  of  small  divergent  detonation  is 
presented  which  is  particularly  useful  in  describing  the  behaviour 
of  intermolecular  and  commercial  explosives.  A  new  approach  to  the 
description  of  unconfined  and  confined  hydrodynamics  is  used,  and 
the  explosive  is  characterized  by  a  suitable  equation  of  state  and  a 
new  multiphase  reaction  rate  function.  The  theory >  requires  a 
numerical  solution  of  the  ordinary  differential  equations  describing 
this  behaviour. 

This  approach  offers  the  commercial  explosives  manufacturer  and 
user  a  convenient  way  of  dealing  with  the  non-ideal  behaviour  of 
explosives,  and  many  of  their  characteristics  in  use  can  be  predicted 
including  energy  delivered  to  the  confinement,  critical  diameter,  con¬ 
fined  detonation  velocity,  and  detonation  run-up. 


INTRODUCTION 

A  theory  of  small  divergent  detonation,  based 
on  that  of  Wood-Kirkwood  (1)  is  described, 
which  combines  an  equation  of  state  for  the  par¬ 
tially  reacted  explosive,  a  multi-phase  reaction 
rate  function,  and  hydrodynamics  for  uncon¬ 
fined  and  confined  cylindrical  detonations.  This 
represents  a  further  devel  ^pment  of  the  theory 
of  Chan  (2). 

The  theory  requires  the  numerical  solution  of 
ordinary  differential  equations  and  corresponds 
to  a  boundary  value  problem  involving  the 
shock  front  and  the  CJ  plane  The  only  empiri¬ 
cism  is  the  assumed  shape  of  the  isobar  surfaces 
within  the  reaction  ^one.  and  these  have  been 
chosen  to  agree  with  two  dimensional  models 
and  published  experimental  data.  Many  prob¬ 
lems  related  to  the  application  of  commercial 
explosives  can  be  solved  by  this  approach,  while 
the  numerical  procedures  are  far  simpler  and 
more  robust  than  those  using  Lagrangian  or 
Eulerian  techniques. 

The  steady  state  theory  provides  prediction 
of  the  change  in  detonation  velocity  and 


minimum  initiator  with  diameter.  Using  reac¬ 
tion  rate  data  on  the  behaviour  of  porous  emul¬ 
sion  explosives  obtained  from  electromagnetic 
particle  velocity  gauge  experiments  (3),  these 
predictions  are  shown  to  be  in  good  agreement 
with  data  from  detonation  velocity  and  card  gap 
experiments. 

It  is  shown  how  the  theory  is  extended  to 
predict  detonation  acceleration  rates  by  using 
the  full  time  dependent  hydrodynamics.  This 
demonstrates  the  stability  of  the  solutions,  and 
allows  a  prediction  of  the  run-up  to  steady 
detonation  behaviour. 

The  theory  includes  a  treatment  of  the  effect 
of  confinement  on  the  shape  of  the  isobar  sur¬ 
faces.  Application  of  this  offers  the  commercial 
explosives  manufacturer  and  user  a  practical 
method  of  predicting  the  behaviour  of  explo¬ 
sives  in  the  field  from  a  few  simple  experiments. 
In  particular  this  should  provide  more  realistic 
energy  ratings  than  those  obtained  by  the  cur¬ 
rent  practice  of  considering  only  ideal  detona¬ 
tion,  or  performing  experiments  with  empirical 
interpretation. 
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SMALL  DIVERGENT  DETONATION 
THEORY 

The  theory  of  flow  in  chemically  reacting 
media,  the  associated  ideal  detonation,  and 
small  divergent  detonation,  have  been  described 
in  some  detail  in  recent  years  (4).  Below  is  a 
summary  of  the  theory  in  a  form  that  allows  the 
particular  additions  of  this  paper  to  be  easily 
described. 

The  Euler  equations  of  motion  and  chemical 
reaction  are  written  in  vector  form  as: 


g  +  g  div  u  =  0 

1.1 

gu  +  grad  p  =  0 

1.2 

E  +  pV  =  0 

1.3 

A  =  r 

1.4 

where  the  time  derivative  operator  is  defined  by: 
*  Z  3/3 1.  4-  (u-grad) 

and  g  is  density 

u  is  particle  velocity  vector 

p  is  pressure 

V  is  specific  volume 

E  is  specific  internal  energy 

A  is  the  chemical  concentration  vector 

r  is  the  chemical  reaction  rate  vector 

If  the  internal  energy  is  assumed  to  be  a  func¬ 
tion  of  the  pressure,  specific  volume  and 
chemical  concentration  vector,  then  the  expan¬ 
sion  of  the  internal  energy  time  derivative  can 
be  combined  with  the  enthalpy  conservation 
equation  (1.3)  to  yield  an  adiabatic  relationship 
for  the  pressure  time  derivative. 

p  =  c2g  +  gc2q-r  1.5 

where  c  is  the  frozen  reaction  state  sound  speed 
ois  the  thermicity  vector  defined  by 

o  =  (dP/3A)E-v/gc2  1.6 

It  is  useful  to  first  consider  the  one  dimen¬ 
sional  steady  detonation  state.  The  essential 
feature  of  steady  detonation  is  that  L  a 
reference  frame  attached  to  the  shock  front  the 
flow  of  particles  and  other  flow  descriptors  are 
independent  of  time.  Transforming  the  equation 
of  motion  to  one  dimension  and  Lagrangian 


co-ordinates  gives: 

gu  +  ug  =  0 

2.1 

guu  +  p  =  0 

2.2 

E  +  pV  =  0 

2.3 

The  adiabatic  relationship  becomes: 

p  =  — gu2o-  A  /(l— u2/c2)  2.4 

and  the  time  derivative  operator  now  refers  to 
particle  motion  with  respect  to  the  shock 

•  z  a/at 

These  equations  correspond  to  the  ZND 
theory  of  detonation.  The  adiabatic  relationship 
shows  that  the  pressure  falls  in  value  behind  the 
shock  front  as  reaction  occurs,  and  for  there  to 
be  no  discontinuity  in  the  pressure  as  the  reac¬ 
tion  rate  reaches  zero,  i.e.  full  reaction,  the  par¬ 
ticle  velocity,  must  equal  the  sound  speed.  This 
is  the  normal  CJ  condition. 

The  differential  equations  can  be  integrated, 
and  combining  these  with  a  specific  equation  of 
state,  the  CJ  condition,  full  chemical  reaction 
condition,  and  an  expression  for  the  sound  speed 
which  is  equation  of  state  dependent,  the  ideal 
detonation  state  can  be  found  by  solving  the  set 
of  non-linear  simultaneous  equations.  Both  the 
detonation  velocity  and  the  flow  and  ther¬ 
modynamic  state  at  all  other  points  between  the 
CJ  plane  and  shock  front  can  be  determined. 

For  detonation  along  a  cylinder  in  which  a 
small  radial  expansion  occurs  the  steady  state 
equations  of  motion  in  Lagrangian  co-ordinates 
become: 


ug  +  gu  =  -2gucor 

3.1 

guu  +  p  =  0 

3.2 

E  +  pV  =  0 

3.3 

and  the  adiabatic  relationship  is: 

p  =  -gu2{o-A-2cor}/{l-u2/c2} 

3.4 

in  which  cor  is  the  divergence  defined  as  the 
radial  particle  velocity  at  unit  distance  from  the 
axis  of  the  cylinder. 

The  adiabatic  relationship  shows  that  for 
there  to  be  no  discontinuity  in  the  pressure  at 
the  CJ  point  (u=c)  the  reaction  rate  must  be 
finite  and  given  by: 

o-  A_  —  2cor  =  0 

which  is  sometimes  called  the  second  CJ 
condition 

Finding  the  detonation  state  eigenvalues  is 
less  straightforward  now  because  the  mass  and 
momentum  conservation  equations  (3.1  and  3.2) 
can  no  longer  be  integrated  analytically,  and 
there  is  the  additional  divergence  variable, 
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which  as  will  be  seen  later  is  also  usually  related 
to  other  variables  by  a  differential  relationship. 
The  problem  is  therefore  an  ordinary  differen¬ 
tial  equation  mixed  boundary  value  problem, 
with  the  first  and  second  CJ  conditions  pro¬ 
viding  boundary  values  at  the  CJ  plane,  and  the 
unreacted  shock  state  behind  the  curved  shock 
front  providing  further  conditions. 

A  bonus  of  moving  to  differential  equations 
is  that  the  reaction  progress  is  best  described 
in  terms  of  reaction  rate  as  a  function  of  degree 
of  reaction  and  pressure  or  temperature.  This 
is  now  easily  incorporated  into  the  set  of 
equations. 

The  complete  general  set  of  equations  are: 


Aqu  -  q0 D  =  0  4.1 

puu  +  p  =  0  4.2 

E  +  pV  +  u2/2  =  E0  +  p0V0  +  D2/2  4.3 
E  =  E(p,V,A)  4.4 

A  =  A  (A,p)  4.5 

A  -  2Acor  4.6 

cor  =  cor(A,  x,  u,  P  ..  ..)  4.7 

where  D  is  the  detonation  velocity 


A  is  the  stream  tube  area  which  is 
defined  as  the  area  of  a  stream  of  particles 
which  have  unity  area  at  the  shock  front. 

The  shock  front  boundary  conditions  are: 

A  =  1  4.8 

A  =  0  4.9 

wr  =  (D— u)/Rs  4.10 

where  is  the  curvature  of  the  shock  front. 
The  CJ  boundary  conditions  are  simply  the  two 
CJ  conditions.  1  his  set  is  sufficient  to  determine 
the  detonation  velocity  eigenvalues  for  a  given 
shock  front  curvature,  and  all  the  other 
variables  at  different  distances  behind  the 
shock  front. 

As  stated  above  in  general  a  numerical  solu¬ 
tion  to  these  equations  is  needed,  especially  if 
realistic  equations  of  state  (4.4),  reaction  rate 
laws  (4.5),  and  divergence  relationsliips  (4.7)  are 
to  be  used.  There  are  a  few  aspects  of  this  worth 
mentioning. 

The  main  difficulty  is  related  to  the  approuch 
to  zero  of  t  he  denomini.  r  in  the  adiabatic  rela¬ 
tionship,  which  is  implicit  in  these  equations. 
This  requires  that  any  solution  strategy  must 


always  have  the  second  CJ  condition  exactly 
satisfied  at  the  same  point  (u=c). 

In  integrating  between  the  two  boundaries  it 
has  been  noticed  that  the  equations  leave  some 
variables  undetermined.  A  numerical  integrator 
which  can  handle  this  must  therefore  be  used. 

Finally  there  are  in  general  no  solutions  below 
some  critical  detonation  velocity.  This  is  nor¬ 
mally  characterized  by  the  particle  velocity  and 
sonic  velocity  becoming  equal  at  a  location  be¬ 
tween  the  CJ  and  shock  fronts.  This  does  not 
correspond  to  the  critical  diameter  of  the 
explosive. 

EQUATION  OF  STATE 

The  choice  of  equation  of  state  to  use  in  the 
above  model  depends  on  the  application.  For 
commercial  explosives  there  are  three  main 
needs.  The  expansion  isentrope  of  the  products 
should  be  accurate  between  about  0.1  GPA  and 
10  GPA.  Both  isentrope  and  off-isentrope 
behaviour  should  be  accurate  in  the  reaction 
zone  which  is  from  2  GPA  to  20  GPA.  In  explo¬ 
sives  with  a  heterogeneity  in  excess  of  a  few 
microns  the  ingredient  phase  should  be  treated 
as  being  thermally  isolated  from  the  reacted 
phase. 

The  JWL  equation  has  been  used  by  Lee  and 
Tarver  (5)  to  model  similar  problems  and  largely 
meets  the  above  criteria.  However  a  simpler 
equation  of  state  has  been  adopted  for  the 
calculation  in  this  paper,  its  main  advantage  be¬ 
ing  a  smoother  fit  to  the  isentrope  over  the 
pressure  range  of  interest,  at  the  expense  of  a 
slightly  worse  fit  to  Gruneisen  gamma  in  the 
reaction  zone. 

The  equation  of  state  of  a  single  phase  is 
given  the  form 

E  =  pV/(g—  1)  5.1 

g  =  g0  +  SiQ  +  g  20*  5-2 

The  value  of  the  constants  g0,  gj,  g2,  etc.  for 
the  explosive  products  are  determined  by  fitting 
to  isentrope  data  from  an  ideal  thermodynamic 
code.  There  are  three  constraints  on  the  fitting 
procedure.  Firstly  g0  is  set  equal  to  the  ideal 
gas  value.  Secondly  the  CJ  values  of  gamma 
((d(ln  p)/d(ln  pJIJ  and  detonation  velocity  given 
by  this  equation  of  state  must  equal  the  ther¬ 
modynamic  code  value. 
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The  constants  for  the  unreacted  phase  are 
obtained  by  considering  the  shock  state  of  the 
explosive  and  using  known  Hugoniot  data  of 
the  ingredients.  The  calculations  are  however 
complicated  because  the  explosive  is  in  general 
a  mixture  of  ingredients,  and  also  includes 
voids. 

The  calculations  are  based  on  those  of 
Afanasenkov  (6).  There  is  assumed  to  be 
pressure  equilibrium  between  all  phases,  each 
phase  being  compressed  to  its  respective  shock 
Hugoniot  volume.  This  assumption  leads  to  the 
shock  velocities  and  particle  velocities  of  each 
component  having  different  values,  and  viscous 
effects  are  needed  to  bring  them  to  the  average 
value. 


The  theory  departs  from  Afanasenkov  in  its 
treatment  of  gas  bubble  collapse.  Calculations 
indicate  that  the  particle  velocity  of  liquid  and 
solid  phases  are  an  order  of  magnitude  too  small 
to  shock  the  gas  phase  to  the  same  pressure.  It 
is  therefore  assumed  that  the  gas  phase  is 
adiabatically  collapsed.  Applying  mass  and 
momentum  conservation  laws,  first  to  the 
overall  system,  and  then  to  the  individual 
phases,  reveals  an  energy  miss-match  which 
requires  the  postulation  that  energy  is  stored 
in  the  form  of  turbulence  or  secondary  shocks 
immediately  behind  the  shock  front.  There  is 
not  space  for  the  detailed  calculations  here,  but 
the  magnitude  of  the  turbulent  stored  energy 
is  found  to  be  given  by: 


6.1 


where  Et  is  the  specific  turbulent  energy 


V  is  the  initial  volume  of  gas  per  unit  mass 
of  explosive 

p  is  the  shock  pressure 
y  ,  is  the  average  value  of  gamma  for  the  gas 

The  parameters  used  in  the  unreacted  equa¬ 
tion  of  state  are  now  obtained  by  simply  fitting 
to  calculated  E-p-V  data  but  with  this  turbulent 
energy  omitted  from  the  internal  energy. 


The  reactive  equation  of  state  now  becomes: 

E  =  (l-A)pVu/(gu-l)+Et  ?1 

+  *pVR.(gR-l-qJ 


where  A  is  the  fraction  of  reacted  explosive. 

subscript  u  refers  to  the  unreacted  or 
ingredient  phase 

subscript  R  refers  to  the  reacted  or 
reacted  or  product  phase 

The  turbulent  energy  has  been  assumed  to 
decay  at  the  same  rate  as  the  reaction  takes 
place,  and  the  model  needs  a  better  description 
than  this.  To  determine  all  the  variables  in  the 
equation  of  state,  expressions  for  the  total 
specific  volume  and  isen tropic  expansion  of  the 
unreacted  phase  must  be  included. 

V  =  (1-A)VU  +  AVr  7.2 

p  =  constu(gu-l)p*uo  7.3 

x  expgu  j  +  gu  2p2/2  . 

At  the  CJ  point  expressions  for  both  the  frozen 
reaction  sound  speed  and  thermicity  are  needed. 
To  calculate  the  sound  speed  it  is  assumed  that 
the  sound  fluctuations  cause  each  phase  to 
change  adiabatically,  but  with  pressure  equilib¬ 
rium  between  the  two  phases.  Differentiating  the 
volume  equation  (7.2)  with  respect  to  pressure, 
holding  entropy  constant,  and  remembering  that 
the  sound  speed  is  defined  by  (dp/dg)3,  gives: 


C2 


C  2 


Cir2 


cy  =  g„pv„  +  p/ig,-n^ 

Cir  =  giipv,,  +  Ip/igR-i)!^-15- 

°Qr 


8.1 

8.2 

8.3 


The  thermicity  is  defined  by  equation  (1.6), 
but  it  is  better  to  write  this  in  terms  of  energy 
derivatives  as: 


its  value  then  being  determined  by  differen¬ 
tiating  equations  (7). 


HOTSPOT  AND  BURN  REACTION 
MODEL 

Experimental  measurements  of  the  reaction 
behaviour  of  commercial  explosives  using  the 
electromagnetic  particle  velocity  gauge  indicate 
that  at  least  three  sequential  reaction  processes 
are  needed  to  explain  the  observations.  These 
can  be  thought  of  as  the  hotspot,  liquid  and 
solid  reactions. 
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Measurement  of  liquid  and  solid  burn  rates 
(7)  show  they  have  a  linear  pressure  dependence, 
while  a  simple  but  effective  way  of  describing 
the  hotspot  behaviour  is  to  consider  reaction 
starting  above  some  critical  pressure,  and  the 
rate  then  proportional  to  the  pressure  excess. 
The  reaction  rate  in  this  multi-phase  hotspot 
and  burn  model  is  written  as: 

X  =  ( 1  -  A)ah(p  -  ph)/rh  -f  alP/T| + asp/r3  9.1 

where  ph  is  the  critical  hotspot  pressure 

r  are  characteristic  reaction  times  at 
unit  pressure 

a  are  functions  of  ).  which  switch  the 
reaction  on  and  off  as  the  phases  are 
ignited  and  consumed 
subscripts  h,l,s  refer  to  hotspot,  liquid 
and  solid  phases. 

The  mass  fraction  of  hotspot  is  determined 
by  the  explosive  formulation,  and  for  this  model 
is  assumed  to  be  equal  to  the  ratio  of  the 
voidage  to  non-voidage  in  liquid  explosives,  and 
half  that  in  solid  explosives. 

The  principle  of  the  reaction  switch  is  that  as 
the  liquid  phase  reaction  starts  the  hotspot 
phase  reactions  begin  to  extinguish.  A  gaussian 
function  is  used  to  define  this  process,  with  the 
half  width  point  of  the  gaussian  being  reached 
when  the  degree  of  reaction  corresponds  to  the 
mass  fraction  of  hotspots.  The  same  process 
applies  to  the  solids  being  ignited  by  the  liquid 
phase. 

The  half  width  of  the  gaussian  ignitions  are 
assumed  to  depend  on  the  weight  fraction  of 
hotspots,  liquids,  and  solids  (WTh,  WTj,  WTg). 
The  full  definitions  of  the  parameters  are: 


ah  =  exp-((A-W,)/C|)-' 

9.2 

U|  =  exp-((A-Ws)/CsF  -  ah 

9.3 

as  =  1  ~  ah  ~  al 

9.4 

W,  =  WT,- 

9.5 

Ws  =  1  -  WTS- 

9.6 

C,  =  WTh(l-WTh) 

9.7 

C8  =  WTS(  1  —  WTS) 

9.8 

UNCON  FINED  DETONATION 

Several  models  of  the  variation  of  the 
divergence  behind  the  shock  front  is  unconfined 
detonations  have  been  examined.  Two  simple 
approaches  are  to  assume  the  divergence  is 


constant,  or  to  assume  the  curvature  of  pressure 
isobars  behind  the  shock  front  are  constant. 
Neither  give  good  agreement  with  electro¬ 
magnetic  particle  velocity  data  over  the  whole 
range  though  the  constant  curvature  does  well 
close  to  the  shock  front,  and  the  constant 
divergence  does  well  far  behind  the  shock  front. 

The  chosen  model  combines  these  two  obser¬ 
vations,  and  changes  the  isobar  curvature 
smoothly  to  qualitatively  agree  with  published 
numerical  calculations  (8)  and  x-ray  experiments 
(9).  In  the  CJ  region  the  isobars  are  assumed  to 
be  spherical  and  to  meet  at  a  diameter  equal  to 
the  radius  of  curvature  of  the  shock  front,  as 
shown  in  the  diagram. 
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Fig.  1 

It  is  assumed  that  the  small  divergent  flow 
theory  will  only  be  obeyed  in  a  central  region 
with  a  diameter  of  about  one  third  of  the  shock 
front  curvature.  This  value  is  chosen  because 
of  much  experimental  data  at  diameters  very 
large  compared  with  the  critical  diameter. 

The  second  concept,  first  proposed  by  Bdzil 
(10)  is  thai  in  unconfined  detonations  there  is 
an  outer  skin  of  the  explosive  which  will  not 
obey  the  small  divergent  flow  theory,  and  which 
is  about  one  CJ  distance  in  thickness.  The 
diameter  of  the  explosive  is  therefore  given  by: 

dia  =  aRs  +  /?xCJ  10.1 

The  values  of  a  and  (1  were  determined  by  exper¬ 
imentally  measuring  both  shock  front  curvature 
(streak  photography)  and  CJ  distance  (elec¬ 
tromagnetic  gauge)  of  several  commercial  explo¬ 
sives  at  different  diameters  (3). 


The  equations  defining  the  variation  of 
divergence  now  become: 


c o  =  —  u/R 

10.2 

R  =  R#*/(R8-8xcj) 

10.3 

x  =  u 

10.4 
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where  xs  is  the  distance  behind  the  shock 
front 

xCJ  is  the  CJ  distance  on  the  axis  of  the 
charge 

These  equations  can  be  combined  with  the 
flow  theory  equations  (4),  equation  of  state  (7), 
reaction  rate  (9),  to  predict  the  detonation 
behaviour  at  different  diameters.  Using 
parameter  values  typical  of  an  air  sensitized 
emulsion  explosive,  the  four  kinetics  parameters 
being  obtained  from  electromagnetic  particle 
velocity  data  (3),  a  prediction  of  detonation 
velocity  against  diameter  can  be  made,  and  is 
shown  in  Fig.  2. 

VoD  DIAMETER 


Fig.  2.  VoD  Diameter 


This  predicts  a  linear  variation  of  detonation 
velocity  with  inverse  diameter,  in  good  agree¬ 
ment  with  experimental  data  shown  as  the 
crosses.  The  minimum  diameter  is  also  in  good 
agreement  with  the  measured  critical  diameter. 
The  lower  branch  of  the  curve  represents  a  mini¬ 
mum  initiation  condition.  It  corresponds  to  sets 
of  conditions  which  can  just  maintain  a  steady 
detonation,  but  any  fluctuation  in  velocity  will 
be  amplified  leading  either  to  failure  or  detona¬ 
tion  at  the  higher  value.  The  proof  of  this  is 
briefly  discussed  later. 

This  lower  branch  can  therefore  be  compared 
with  initiation  experimental  data  using  PMMA 
card  gaps  (3).  The  agreement  can  only  be  ex¬ 
pected  to  be  approximate  as  each  point  on  the 
lower  curve  has  a  particular  pressure  and 
divergence  time  profile  and  the  output  of  the 
card  gaps  will  not  in  general  give  the  same  time 
profile.  In  spite  of  this  it  provides  a  useful 
comparison. 


CONFINED  DETONATION 

If  the  explosive  is  strongly  confined  the 
divergence  is  small  over  the  whole  area  of  the 
cylinder,  the  full  cross-section  of  the  explosive 
obeys  the  small  divergent  flow  theory,  and  semi- 
empirical  aspects  are  largely  eliminated. 

The  concept  used  to  determine  the  variation 
in  divergence  with  distance  behind  the  shock 
front  is  that  explosive  and  confinement  remain 
in  contact  at  the  borehole  wall,  that  the  ex¬ 
plosive  can  slide  over  the  confinement,  and  that 
there  is  pressure  equilibrium  at  the  borehole 
wall.  It  is  then  assumed  that  the  confinement 
pressure  can  be  represented  by  a  second  order 
differential  equation  in  the  stream  tube  area, 
which  is  related  to  divergence  in  the  usual  way. 

p  =  kj(A-l)  +  k2A  dia  +  k3  A  dai2  11.1 

A  =  2Acor  11.2 

A  =  2Awr  +  2Acur  11.3 

The  threp  terms  in  the  pressure  equation 
roughly  correspond  to  the  forces  due  to  the 
steady  strain  in  the  expanded  borehole,  viscous 
and  other  inelastic  processes  due  to  the  rate  of 
expansion  of  the  borehole,  and  inertia  of  the 
region  of  the  confinement  close  to  the  borehole 
which  undergoes  acceleration  during  the  expan¬ 
sion  piCcess. 

If  the  sound  velocity  in  the  confinement 
exceeds  the  detonation  velocity  of  the  explosive 
then  this  provides  an  accurate  description  of  the 
behaviour,  and  the  shpck  front  boundary  con¬ 
ditions  are  A  =  1  and  A=0.  Also  values  of  the 
constants  in  equation  11.1  can  be  obtained  for 
an  elastic  material  in  terms  of  density.  Young’s 
modulus  and  Poissons  ratio  by  considering  a 
conical  shock  in  the  material  (11). 

If  however  a  shock  is  transmitted  into  the 
confinement  then  the  divergence  at  the  shock 
front  is  no  longer  zero,  and  the  material  close 
to  the  borehole  wall  undergoes  plastic  flow  or 
failure  and  cannot  be  considered  elastic. 

The  divergence  at  the  shock  front  can  be  deter¬ 
mined  by  using  the  theory  of  acute  shocks  (12) 
on  both  the  confinement  and  unreacted  explo¬ 
sive  and  choosing  shock  angles  in  each  that 
match  both  pressure  and  divergence.  In  prac¬ 
tice  the  maximum  divergence  in  the  rock  may 
be  insufficient  to  match  the  pressures,  and  in 
this  case  this  maximum  value  is  chosen,  and  the 
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pressure  difference  determines  the  acceleration 
of  the  borehole  wall  (equation  11.1)  at  the  shock 
front. 

The  inelastic  behaviour  is  less  easily  accom¬ 
modated.  In  practice  an  annuljus  around  the 
borehole  will  undergo  plastic  flow  or  will  fail, 
and  only  beyond  this  region  will  the  elastic 
behaviour  of  equation  11.1  be  obeyed.  To  date 
this  has  been  incorporated  by  simply  choosing 
lower  values  of  Young’s  modulus  so  that  the 
equilibrium  expansion  of  the  borehole  wall 
agrees  with  observed  behaviour  (12),  though  in 
the  longer  term  a  more  detailed  mathematical 
description  is  needed. 

Fig.  3  compares  the  predicted  and  measured 
variation  of  detonation  velocity  with  diameter 
of  an  emulsion  explosive  confined  in  steel.  A 
value  of  Young’s  modulus  equal  to  the  static 
value  was  chosen  and  as  can  be  seen  the  agree¬ 
ment  between  experiment  and  theory  is  satis¬ 
factory  without  introducing  any  empirical 
factors. 


M'l — T 1  |  —p..  ,  ■! | r I  l  '< 

•  M*  fctl  %M  *1  tit 

— *  mm.  *  tmmmw mm. 

Fig.  3.  Confined  Behaviour 

ENERGY  DELIVERY  TO 
CONFINEMENT 

For  many  years  k  has  been  common  practice 
to  rate  commercial  explosives  in  terras  of  the 
energy  they  release  as  they  expand 
isentropically  from  the  ideal  detonation  or  ex¬ 
plosion  state,  to  a  lower  pressure  and  density 
state.  This  non-ideal  model  provides  a  more 
realistic  analysis  and  description  of  the  energy 
delivery  to  the  confinement. 

The  energy  is  partitioned  into  three  types,  the 
shock  energy  delivered  to  the  rock,  the  equilib¬ 
rium  strain  energy  stored  in  the  rock  when  the 


borehole  has  expanded,  and  the  energy  released 
by  the  explosive  expanding  adiabatically  into 
a  crack  network  in  the  rock  until  the  whole  rock 
mass  is  in  equilibrium  with  explosive  products. 
Typically  this  last  state  is  at  pressures  around 
0.1  GPA  and  densities  0.1  of  the  initial 
unreacted  explosive  density. 

The  shock  energy  delivered  to  the  rock  per 
unit  mass  of  explosive  is  obtained  by  inte¬ 
grating  the  product  of  expansion,  pressure  and 
specific  volume  from  the  shock  state  to  the 
steady  state  well  behind  the  0J  plane: 

E SHOCK  =  J^°  (pVA)dt  12.1 

The  strain  energy  stored  in  the  rock  is  pro¬ 
portional  to  the  expansion  of  r,he  borehole  for 
small  expansions,  and  per  unit  mass  of  explo¬ 
sive  is  given  by: 

ESTRAIN  ~  |pV(A-l)  12.2 

The  shock  energy  is  always  pjeater  than  the 
strain  energy,  the  difference  corresponding  to 
the  energy  lost  by  irreversible  processes  such 
as  failing  rock,  plastic  flow  in  the  rock,  and 
radiation  of  elastic  waves  fron  the  borehole. 

The  delivery  of  shock  energy  is  important  in 
blasting  operations,  and  the  process  is  worth 
considering  in  greater  detail.  1  'ig.  4  shows  the 
predicted  variation  of  pressure  with  borehole 
area  for  an  emulsion  explosive  confined  in  a  me¬ 
dium  strength  rock  at  two  different  diameters. 


Fig.  4.  Expansion  Behaviour 

The  larger  diamelor  explosive  detonates  at 
higher  velocity  with  higher  shi  ck  and  CJ  pres¬ 
sures,  but  the  press' :ure  falls  more  rapidly  with 
radial  expansion  because  the  axial  particle 
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velocity  is  reduced  more  rapidly  than  in  the 
smaller  diameter  case.  The  total  shock  energy 
delivered  may  vary  by  as  much  as  40%  above 
the  explosion  state  values  to  as  much  below, 
and  varies  in  a  complex  manner  with  the  detona¬ 
tion  velocity. 

At  distances  within  about  ten  borehole 
diameters  of  the  initiation  point  the  flow  behind 
the  CJ  plane  will  include  a  Taylor  rarefaction. 
This  reduces  the  pressure  more  rapidly  than  in 
the  above  calculation,  and  therefore  reduces  the 
shock  energy.  It  will  be  still  further  reduced  if 
the  initiation  is  sub-optimal  and  the  explosive 
has  to  run  up  to  steady  detonation.  The  conclu¬ 
sion  is  that  the  current  practice  of  using  explo¬ 
sion  state  shock  calculations  must  be  treated 
only  as  a  guide  to  the  true  behaviour. 

The  energy  delivered  during  the  later  expan¬ 
sion  of  the  explosive  products  into  the  crack  net¬ 
work  of  the  rock  is  essentially  equal  to  the 
change  in  internal  energy  of  the  explosives. 
However  the  starting  point  for  this  expansion 
should  correspond  to  zero  axial  velocity  of  the 
products.  In  an  explosive  of  finite  length  the 
Taylor  wave  expansion  to  the  rear  of  the  detona¬ 
tion  decelerates  the  forward  particle  motion 
without  doing  work  on  the  surroundings.  It  is 
therefore  reasonable  to  use  as  the  initial  state 
for  the  expansion  a  specific  volume  equal  to  the 
initial  specific  volume  of  the  unreacted  explo¬ 
sive  corrected  by  the  borehole  expansion. 

During  the  expansion  process  the  explosive 
products  and  any  unreacted  ingredients  are 
assumed  to  behave  isentropically  and  to  remain 
in  pressure  equilibrium.  The  pressure  volume 
relationship  is  therefore  determined  by  solving 


the  three  equations: 

V  =  (1— A)VU  +  AVR 

13.1 

p  =  constu(gu— l)eugu0 

x  exp{gulgu+gu2g2/2+...} 

13.2 

p  =  constH(gR-l)eRgRo 

x  exp  {gR1QR+gR2eiil2+-} 

13.3 

The  internal  energy  of  the  explosive  is  given  by 
equation  7.1. 

ACCELERATING  DETONATIONS  AND 
STABILITY  CONDITIONS 

The  model  can  be  used  to  estimate  the  detona¬ 
tion  acceleration  of  an  explosive  by  considering 
the  time  dependent  slightly  divergent  equa¬ 
tions.  The  result  of  this  is  the  replacement  of 
equations  (4.1),  (4.2)  and  (4.3)  by: 

Agu  -  g0D  =  -g0D/V/g)dt  14.1 

o 

guu  +  Q  =  —guu'  14.2 

E  +  PV  +  u2/2  -  (E0+p0V0+D2/2)  ^  3 

=  /(E'+pV'+uuldt 
o 

and  the  second  CJ  condition  becomes: 

O' A_  -  2cor  =  u'/u  +  q'Iq  14.4 

where  '  E  (dD/dt)( did D) 

An  estimate  of  the  values  of  the  right  hand 
terms  can  be  obtained  by  considering  one 
dimensional  flow.  Differentiating  the  conserva¬ 
tion  equations  with  respect  to  time  allows  p,  u, 
E  to  be  expressed  in  terms  of  the  normal 
variables,  the  detonation  acceleration  (dD/dt), 
and  the  rate  of  change  of  particle  velocity  with 
detonation  velocity.  The  result  is  the  ability  to 
determine  the  right  hand  terms  in  the  above 
equations  at  the  shock  front  and  the  CJ  plane 
as  a  function  of  detonation  acceleration.  The  ac¬ 
curacy  of  determining  acceleration  rates  by  this 
process  is  unlikely  to  be  better  than  50%. 

Fig.  5  shows  the  steady  and  decelerating 
detonation  velocity  against  inverse  diameter 
curves  for  the  air  sensitized  emulsion.  It  is  clear 
from  this  that  the  detonation  accelerates  at  all 
points  to  the  left  of  the  steady  curve,  and  decel¬ 
erates  at  all  points  to  the  right.  It  demonstrates 
the  unstable  nature  of  the  lower  branch. 

CONCLUSION 

This  paper  has  demonstrated  a  broad  range  of 
explosive  characteristics  that  can  be  modelled 
using  the  small  divergent  flow  theory.  The  cur¬ 
rent  limitations  of  the  theory  have  been  dis¬ 
cussed  and  further  development  is  needed. 

It  does  however  already  offer  a  method  of 
characterizing  the  non-ideal  behaviour  of  explo¬ 
sives  by  matching  experimental  detonation 
velocity  -  diameter  and  initiation  •  diameter  data 
to  the  unconfined  model.  These  characteristics 
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Fig.  5.  Accelerating  Detonation 

can  then  be  used  to  predict  many  confined 
detonation  properties,  and  provide  a  far  more 
realistic  estimate  of  the  useful  energy  available 
from  the  explosive  under  the  particular  condi¬ 
tions  in  which  they  are  used. 
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DISCUSSION 

Y.  TIMNAT,  Isreal  Inst,  of  Technion  City, 
Haifa 

I  counted  about  25  adjustable  parameters  - 
how  do  you  determine  them  all? 

REPLY  BY  I.  J.  KIRBY  & 

G.  A.  LEIPER 

The  first  point  to  make  is  that  the  theory  con¬ 
tains  only  two  truely  adjustable  parameters, 
namely  the  a  &  ft  in  equation  10.1. 

These  are  necessary  because  the  theory  is 
based  on  small  divergent  flow  and  the  behaviour 
at  large  distances  off  axis  has  to  be  treated  em¬ 
pirically.  The  second  of  our  papers  deals  in  some 
detail  with  the  experimental  method,  using  the 
electromagnetic  gauge,  that  we  adopted  to 
determine  these  parameters. 

The  model  certainly  contains  constants 
associated  with  the  equation  of  state  of  the  un¬ 
reacted  and  reacted  products.  These  constants 
are  determined  by  the  Hugoniot  properties  of 
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the  ingredients  of  the  explosive,  with  the 
Afanasertkov  theory  (see,  reference  6),  and  the 
thermocheioical  properties  of  the  ingredients 
with  any  suitable  ideal  detonation  code.  There 
may  be  adjustable  parameters  in  the  ideal  deto¬ 
nation  code,  though  this  is  outside  the  scope  of 
the  paper. 

Four  parameters  are  used  to  describe  the  reac¬ 
tion  behaviour  of  a  gas  -  liquid  -  solid  explosive 
system.  It  is  these  that  characterize  the  non¬ 
ideal  behaviour  of  the  explosive,  and  they  are 
determined,  as  described  in  the  paper  by 
measuring  the  variation  of  detonation  velocity 
with  diameter,  determining  the  critical  point, 
and  measuring  the  initiation  behaviour  of  the 
explosive. 

The  only  remaining  constants  that  were  not 
fully  defined  in  the  paper  are  klt  k2  &  k3  in 
equation  (11.1).  These  are  determined  as  stated, 
by  the  elastic  and  Hugoniot  properties  of  the 
confinement.  The  relationships  used  in  the 
model  are: 

k  =  ViEHl+y) 
k2  =  7pcM 
k3  =  QlS 

where  E  is  Young’s  modulus 
y  is  Poisson  ratio 
Q  is  density 
c  is  sound  speed 

and  are  based  on  considering  a  conical  shock  in 
the  confinement.  The  derivation  of  these  simple 
relationships  involves  some  approximations,  but 
the  resultant  errors  are  believed  to  '  .  '  1  vial, 

DISCUSSION 

YUN  K.  HUANG.  Latham,  New  York 

It  is  not  clear  to  me  that  your  rate  law  is 
dimensionally  consistent.  Do  you  normalize  all 
your  pressure  terms  or  introduce  an  inverse 
pressure  factor  to  ycur  Gaussian  type  a’s  in  the 
viewgraph  showing  the  rate  law?  If  so,  how? 

REPLY  BY  I.  J.  KIRBY  & 

G.  A.  LEIPEIl 

The  rate  law  in  equation  9.1  contains  non 
dimensional  constants  •  ‘‘ah,  a(,  as  -  which  are 
functions  of  the  degree  of  reaction  and  the  for¬ 
mulation  of  the  explosion.  Their  values  are 
defined  in  equation  9.2  to  9.8. 


The  characteristic  rate  parameters  “r”,  have 
the  units  of  time  x  pressure.  This  is  a  insult  of 
the  assumption  in  the  model  that  the  reaction 
rate  of  liquid  and  solid  phases  are  proportional 
to  pressure,  while  the  reaction  rate  of  the 
hotspots  are  proportional  to  the  pressure  in 
excess  of  a  critical  value. 

Typical  commercial  explosives  have  values  of 
r  in  the  range  1  f/S  x  G PA  to  50  x  GPA. 

DISCUSSION 

W.  C.  DAVIS,  Los  Alamos  National  Laboratory 

Would  you  contrast  your  work  with  that  of 
Chaisse  et  al,  and  Matsui  et  al,  presented  just 
before  your  paper,  and  with  the  earlier  work  of 
Bdzil? 

REPLY  BY  I.  J.  KIRBY  & 

G.  A.  LEIPER 

The  paper  by  Matsui  et  al,  is  similar  to  an 
earlier  model  developed  ac  our  laboratory  and 
presented  by  Chan  at  the  Seventh  Detonation 
Symposium. 

There  are  however  a  number  of  important  dif¬ 
ferences  between  Matsui  and  our  current  model. 

The  first  is  the  use  by  Matsui  of  an  Arrhenius 
rate  law.  We  have  found  from  gauge  data  that 
this  poorly  represents  typical  reaction 
behaviour  of  commercial  explosives.  The  four 
parameters  reaction  rate  law  is  much  more 
suitable  for  this  purpose. 

The  second  is  the  empirical  relationship  used 
to  relate  the  shock  front  curvature  to  the 
diameter  of  the  charge,  in  unconfined  explosive 
situations.  As  far  as  I  can  see  Matsui  points  out 
the  difficulties  of  doing  this,  but  attempts  no 
solutions.  We  have  used  the  relationship  in 
equation  10.1,  and  the  experimental  verification 
is  covered  in  some  detail  in  the  second  paper. 

The  third  is  the  use  by  Matsui  of  a  constant 
isobar  curvature  behind  the  shock  front.  For 
unconfined  detonations  our  model  varies  this 
curvature  using  an  empirical  relationship  that 
gives  reasonable  agreement  with  true  two 
dimensional  reactive  flow  modelling  and  with 
experimental  x-ray  work. 

A  fourth  difference  is  in  the  treatment  of  con¬ 
fined  detonations,  Matsui  matches  pressure  and 
divergence  of  explosive  and  confinement  only 
at  the  shock  front,  while  our  model  matches 
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these  at  all  positions  using  the  second  order  dif¬ 
ferential  equation  (11.1). 

There  are  also  differences  in  our  choices  of 
equations  of  state  of  explosive  ingredients  and 
products,  and  other  less  important  aspects. 

The  paper  by  Chaisse  et  al,  addresses  the  pro¬ 
blem  of  the  unconfined  shock  front  curvature- 
diameter  relationship,  but  does  not  attempt  a 
complete  solution  of  the  two  dimensional  deto¬ 
nation.  By  considering  the  processes  that  occur 
at  the  shock  front  only  they  obtain  the  cur¬ 
vature  relationship. 

This  theory  can  be  used  in  our  model  to 
replace  the  empirical  equation  10.1.  It  would 
clearly  be  superior  for  use  in  modelling  fairly 
ideal  high  explosives  in  which  the  charge 
diameter  is  many  times  the  reaction  zone 
length.  It  would  not  be  expected  to  work  as  well 
with  the  very  non-ideal  commercial  explosives, 
but  only  comparison  with  experimental  results 


on  such  explosives  could  determine  the  magni¬ 
tude  of  the  mismatch. 

The  principle  advantage  of  Bdzil’s  theory 
over  ours  is,  that  he  solves  the  CJ  condition  both 
on  and  off  the  charge  axis,  and  has  therefore 
eliminated  the  main  empirical  aspect  of  our 
model,  the  curvature-diameter  relationship. 
This  is  clearly  a  significant  improvement. 

The  form  of  equation  10.1  was  conceived  as 
a  result  of  reading  Bdzil’s  paper,  but  that  is  as 
close  as  we  have  got  to  using  his  approach. 

There  is  however  a  concern  about  applying 
the  theory,  which  assumed  diameters  large  com¬ 
pared  to  reaction  zone  length,  to  the  non-ideal 
commercial  explosives  which  often  have  reac¬ 
tion  zone  lengths  similar  to  the  charge  diameter. 
As  with  the  theory  of  Chaisse  et  al  only  ex¬ 
perimental  verification  can  determine  the 
usefulness  of  the  theory  to  such  explosives. 
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DETERMINATION  OF  REACTION  RATES  IN  INTERMOLECULAR  EXPLOSIVES 
USING  THE  ELECTROMAGNETIC  PARTICLE  VELOCITY  GAUGE 


G.  A.  Leiper,  I.  J.  Kirby,  A.  Hackett 
Detonation  Research  Group,  ICI  PLC,  Stevenston,  UK. 


The  rate  of  reaction  of  a  non-ideal  air  sensitised  commercial  explosive 
is  reported  as  a  function  of  initial  voidage,  bubble  size  and  charge 
diameter.  A  suitable  functional  form  for  the  reaction  rate  as  a  func¬ 
tion  of  extent  of  reaction  and  of  pressure  is  suggested.  The  proposed 
form  is  shown  to  have  physical  significance. 

Experimental  particle  velocity  time  records  of  steady  state  detona¬ 
tion  in  cylindrical  charges  of  various  diameters  were  measured  by 
the  electromagnetic  technique.  This  data  was  used  to  integrate  flow 
equations  to  yield  fraction  reacted  time  profiles  within  the  explosive. 
The  reactive  flow  model  was  based  on  Wood-Kirkwood  theory  with 
a  correction  to  flow  divergence  for  experimentally  observed  shock 
front  curvatures.  A  variable  gamma  law  equation  of  state  was  used 
to  describe  both  unreucted  explosive  and  reaction  products. 

Limitations  on  the  use  of  gauge  data  to  calibrate  phenomenological 
reaction  rate  models  are  discussed  with  specific  relevance  to  the 
predictive  capability  of  the  slightly  divergent  flow  approach.  Reasons 
for  breakdown  of  the  model  below  certain  voidages  are  given. 


INTRODUCTION 

Commercial  air-sensitised  explosives  belong 
to  the  so-called  nen-ideal  or  Group  II  class  of 
explosives  as  defined  by  Price  (1).  Such  ex¬ 
plosives  are  characterised  ly  a  strong  depen¬ 
dence  of  detonation  velocity  on  charge  diameter, 
and  an  inverse  relationship  between  critical 
diameter  and  voidage.  The  performance  of  these 
compositions  is  a  function  of  both  the  environ¬ 
ment  in  which  they  are  used,  the  confinement, 
and  the  heterogeneous  nature  of  the  chemical 
reactions  which  occur  during  detonation.  Pre¬ 
diction  of  the  detonation  performance  of  such 
compositions  requires  both  a  model  of  hydro- 
dynamic  flow  and  of  chemical  energy  release 
rate,  as  proposed  by  Chan  (2)  or  by  Bdzil  13). 

Kirby  and  Leiper  (4),  have  developed  such  a 
model  based  on  Wood-Kirkwood  theory  (5)  and 
a  phenomenological  model  of  chemical  reaction. 
In  this  paper  experimental  evidence  based  on 
electromagnetic  particle  velocity  gauge  (EPVG) 
records  is  presented  which  support  uie  pro¬ 


posed  reaction  rate  model.  Further,  data  derived 
from  EPVG  traces  are  shown  to  be  in  agree¬ 
ment  with  the  porous  Hugoniot  and  flow  models 
used  in  (4). 

The  EPVG  technique  has  been  well  docu¬ 
mented  previously  (6,7)  and  has  been  used  to 
monitor  both  steady  and  non-steady  flow.  In 
non-steady  state  applications  it  has  been  the 
practice  to  use  EPVG  records  to  calibrate  Ig¬ 
nition  and  Growth  to  detonation  models  (8)  or 
to  derive  reaction  rates  by  Lagrangian  analysis 
(9);  lu'storicaliy  steady  state  measurements  have 
only  been  used  to  measure  CJ  parameters,  or 
flow  in  inert  media  (7).  The  method  described 
in  this  work  is  based  closely  on  that  in  (7)  but 
with  development  in  gauge  protection,  to  facil¬ 
itate  use  in  reacting  flows  and  small  charge 
diameters.  The  single  foil  approach  advocated 
in  this  paper  offers  a  simpler  experimental  ar¬ 
rangement  than  multiple  foil  techniques  yet  pro¬ 
vides  similar  data  on  the  shocked  state  in  the 
unreacted  explosive  and  on  the  reaction  rate 
behind  the  shock. 
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EXPERIMENTAL 

A  diagram  of  the  experimental  arrangement 
is  shown  below. 


Fig.  1  Experimental  Diagram 

A  standard  stirrup  shaped  gauge  foil  was 
used,  formed  out  of  99.9%  pure  Aluminium,  in¬ 
to  an  open  rectangle  of  leg  length  15  mm  and 
an  active  arm  of  3  mm.  The  initial  foil  thickness 
was  .05  mm  which  was  anodised,  after  forming, 
to  be  a  12.5/25/12.5  micron  thick  composite  of 
AljO,- A1  - Al,0,  (10).  The  oxide  coating  pro¬ 
vided  electrical  insulation  from  the  reacting  ex¬ 
plosive,  and  enhanced  the  structural  rigidity  of 
the  assembly,  facilitating  handling  and  enplace- 
ment  of  the  gauge.  A  pair  of  .5  m  diameter 
helmholtz  coils  were  used  to  form  an  air  cored 
solenoid  magnet.  The  coils,  consisting  of  210 
turns  of  4  mm*  enamelled  copper  wire,  potted 
into  silicone  rubber,  g«ve  u  field  of  .05T  when 
passing  100A  at  a  separaf  >n  of  .25  m.  The  field 
was  homogeneous  to  bette'  than  1%  over  a  cen¬ 
tral  .1  m  long,  .1  m  chan  iter  right  cylinder. 
Each  coil  assembly  was  protected  from  blast 
damage  by  a  10  mm  thick  non-magnetic  stain¬ 
less  steel  casing.  The  coils  were  energised  by  a 
high  current  contactor  switching  a  pack  of  lead- 
acid  cells.  The  current  through  the  coils  was 
slowly  varying  and  could  be  considered  con¬ 
stant  in  the  timescale  of  the  gauge 
measurement. 

The  explosive  chosen  for  investigation  was 


an  ammonium  nitrate,  water,  oil  emulsion 
manufactured  to  have  a  viscosity  such  that  it 
would  flow  round  the  gauge  without  distorting 
the  foil  or  entrain  any  air.  Sensitivity  was  ob¬ 
tained  by  the  addition  of  glass  walled  micro¬ 
spheres  to  the  desired  voidage  level.  Control  of 
void  size  was  achieved  by  removing  under 
vacuum,  any  air  entrained  during  preparation 
of  the  explosives,  s  ,d  by  seiving  of  the  micro¬ 
spheres.  Care  was  taken  to  ensure  that  the 
emulsion  was  reproducible  from  batch  to  batch. 
Emulsions  were  stored  for  no  longer  than  four 
days;  at  that  time  NH^Oj  crystals  could  not 
be  seen,  and  emulsion  droplet  size  appeared 
unchanged. 

The  cartridge,  a  right  cylinder  of  waxed 
paper,  was  long  enough  to  give  an  explosive 
column  length  of  at  least  six  charge  diameters 
between  initiator  and  the  first  VOD  probe.  This 
was  thought  sufficient  to  °nsure  steady  state 
detonation  (11).  The  explosive  was  initiated  with 
a  pressed  pentolite  pellet,  generating  at  least 
ten  times  the  critical  intiation  pressure  of  the 
explosive  in  the  gap  test. 

Measurements  made  for  each  shot  were:  mag¬ 
netic  field,  monitored  by  the  current  through 
the  coils;  detonation  velocity,  calculated  from 
the  time  of  flight  of  the  shock  between  two  air 
gap  fibre  optic  probes;  and  the  gauge  voltage 
time  trace,  captured  digitally  sampling  at  be¬ 
tween  8  and  20  nS  per  point  with  8  bit 
resolution. 

Conditioning  of  the  gauge  records  was  con¬ 
fined  to  elimination  of  risetime  effects.  Signals 
were  discarded,  if  the  risetime  was  greater  than 
150  nS,  equivalent  to  four  shock  reverberations 
in  the  foil  plus  the  shock  transit  time  across  two 
sensitising  voids:  the  shock  was  said  to  require 
a  run  of  two  void  diameters  to  regenerate  itself 
after  interaction  with  a  void.  Risetimes  greater 
than  150  nS  are  associated  with  non  centrosym- 
metric  shocks  caused  by  gross  inhomogeneity 
in  the  explosive.  Risetimes  on  acceptable 
records  were  extrapolated  back  to  zero  time. 

Gauge  records  were  obtained  for  three 
voidage  levels  10,  17  and  25%,  each  at  a 
minimum  of  three  charge  diameters  ranging 
from  close  to  the  critical  to  five  times  the 
critical.  Two  types  of  void  were  used;  unclass¬ 
ified  with  a  size  range  of  20-170  micron;  and 
classified  +75-90  micron. 
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ANALYSIS 

The  gauge  signal  was  analysed  in  terms  of  a 
slightly  divergent  flow  theory  developed  from 
the  work  of  Wood  and  Kirkwood  (5)  with  a  cor¬ 
rection  to  flow  divergence  for  observed  shock 
front  curvature.  It  was  an  extension  of  the  work 
of  Chan  (2).  The  gauge  record  was  integrated  in 
discrete  time  steps,  to  yield  the  state  variables, 
particle  velocity  and  fraction  reacted  as  a  func¬ 
tion  of  time,  from  the  shock  front  till  the  gauge 
was  judged  to  have  broken  up.  This  was  usually 
signified  by  a  marked  increase  in  noise  on  the 
trace  followed  by  rapid  excursiu*. from  a  slow¬ 
ly  varying  state.  Depending  on  the  integrity  of 
the  gauge,  it  was  possible  to  follow  reaction 
from  the  shock  to  well  beyond  the  CJ  plane.  The 
integration  procedure  was  based  on  the  follow¬ 
ing  equations: 


A  =  An_1+  2wrdt 

1.1 

u  =  (D-G)  IBI\/A 

1.2 

F  =  Fn_!+  [u/u(  1  -uVcJ) -h 2wr]/S  dt 

1.3 

X  =  Xn_!+  udt 

1.4 

E  =  R(Rs,x,xpj) 

1.5 

P  ~ Pn-i~  uuhr  dt 

1.6 

v  =  Auv0/D 

1.7 

g  =  glgu(p>.gMF> 

1.8 

c1  =  c*(p,v,g,F) 

1.9 

S  =  S(g,p,Q,Erp.v) 

1.10 

wr  =wr  —  u/r  dt 

1.11 

where  A  is  the  streamtube  area;  wr  the 
divergence;  u  the  shock  fixed  frame  particle 
velocity;  F  the  fraction  reacted,  c  the  sonic 
velocity,  x  the  distance  from  the  shock;  R  the 
isobar  radius  of  curvature;  Rs  the  shock  front 
curvature;  p  the  pressure;  v  the  specific  volume; 
D  the  detonation  velocity;  B  the  gauge  factor; 

G  the  gauge  signal;  v0  the  initial  volume;  g  the 
adiabatic  exponent  in  the  equation  of  state;  S 
the  reaction  thermicity;  Q  the  chemical  energy; 
E™  the  turbulent  energy;  subscripts  u  and  r 
refer  to  the  unreacted  and  reacted  state  respec¬ 
tively;  dt  is  the  time  step;  and  •  signifies  the 
time  derivative.  These  equations  are  further 
described  in  (4). 

The  integration  scheme  required  as  initial 


values  the  shock  front  particle  velocity,  the 
shock  front  curvature,  and  gamma  for  the 
unreacted  and  reacted  explosive.  The  variation 
of  the  reacted  gamma  .with  pressure  was  also 
required. 

The  shock  front  particle  velocity  was  obtained 
from  the  gauge  record  extrapolation  to  zero 
risetime,  as  stated  previously.  Justification  of 
this  procedure  was  obtained  by  comparison  of 
the  observed  shock  velocity  -  particle  velocity 
hugoniot  with  that  predicted  on  theoretical 
grounds. 

The  BKW  equation  of  stave,  reparameterised 
to  best  fit  the  N2  and  02  hugoniots,  was  used 
to  calculate  the  Hugoniot  of  the  unreacted  mix¬ 
ture  (12),  giving  a  condensed  phase  Hugoniot 
of  U  =  2400  +  1.71u,  for  the  emulsion.  The  ef¬ 
fect  of  aeration  was  included  by  a  development 
of  the  theory  of  Vostoboinikov  et  al  (13)  as 
described  in  (4).  The  good  agreement  between 
experiment  and  theory  (Figure  2  below)  vindi¬ 
cated  the  extrapolation  procedure  used.  Fur¬ 
ther,  as  the  gauge  data  was  well-represented 
both  at  10  and  25%  voidage,  the  theory  propos¬ 
ed  for  calculating  the  effect  of  voidage  was 
validated,  and  could  be  used  to  calculate  the 
energy  absorbed  by  void  collapse  and  viscous 
effects  in  mixtures. 


Fig.  2.  Porous  Hugoniot 

The  scatter  on  the  plot  is  representative  of  the 
behaviour  of  commercial  explosives,  where 
heterogeneity  both  affects  the  local  environ¬ 
ment  of  the  gauge  and  precludes  accurate  deter¬ 
mination  of  VOD  to  better  than  2%. 

Shock  front  radius  of  curvature  was  measured 
for  two  of  the  voidage  levels  used  in  these 
experiments.  A  typical  Imacon  streak  record  of 
the  air  shock  from  the  end  of  steady  state 
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detonation  in  a  right-cylinder  of  emulsion,  is  shown 
below  with  the  digitised  shock  position  in  terms 
of  the  shock  lag  distance  versus  axial  position.  The 
charge  was  freely  suspended  in  air  and  a  black 
PVC  end  plate  with  PMMA  air  gap  was  used  to 
brighten  up  the  air  shock  and  hold  back  the  reac¬ 
tion  products. 


-t.00  -030  -O.U  >0.40  -0.20  0,00  0.20  0.40  0.00  030  130 
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Fig.  3.  Shock  Curvature 

The  variation  of  shock  curvature  with  diameter 
was  found  to  differ  substantially  for  the  two  dif¬ 
ferent  voidages  used,  10  and  25%.  either  as  a 
function  of  the  diameter  or  the  diameter  nor¬ 
malised  by  the  critical  diameter.  This  will  be 
discussed  later. 


Typical  Shock  Curvature  Streak  Record 

Calculation  of  gamma  for  the  unreacted  and 
reacted  states  followed  the  method  of  (4). 

A  typical  particle  velocity  profile  is  shown  in 
Pig.  4,  the  CJ  point  is  marked  *.  At  early  time 
the  profile  is  a  smoothly  varying  function.  After 
approximately  500  nS  the  noise  level  on  the 
trace  increases,  at  this  point  we  believe  the  foil 
is  attacked  by  the  reactive  atmosphere  sur- 


atmosphere  surrounding  it.  At  2  p  S  the  signal 
is  lost  due  to  complete  break-up  of  the  foil  in 
the  flow.  The  useful  life  of  the  gauge  is  between 
500  nS  and  3  pS  depending  upon  the  hostility 
of  the  environment,  higher  shock  pressures  and 
higher  voidages  cause  earlier  foil  breakup.  In 
separate  experiments,  aluminum  particles  of 
similar  dimensions  have  been  observed  to  ignite 
at  2.5  p  S,  close  to  the  maximum  foil  survival 
time. 
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Fig.  4.  Particle  Velocity  Profile 

DISCUSSIONS  OF  RESULTS 

Fraction  reacted-time  profiles,  F(t),  are  il¬ 
lustrated  in  Figures  5-10  for  the  two  void  sizes 
and  three  voidage  levels  used.  At  each  voidage 
combination,  gauge  experiments  were  per¬ 
formed  at  different  charge  diameters  and  thus 
at  different  effective  shock  pressures,  _  and 
pressure  time  profiles.  The  reactior.  rate  F  for 
any  voidage  combination  is  therefore  mapped 
as  a  function  of  both  pressure  and  reaction  co¬ 
ordinate.  The  F(t)  profiles  are  reconstructed 
from  least  squares  cubic  B-spline  representa¬ 
tions  of  the  original  experimental  data. 

Trends  associated  with  the  data  illustrate  the 
kinetic  behaviour  of  air-sensitised  explosives. 
At  low  voidage,  the  reaction  rate  close  to  the 
shock  front  is  governed  by  reactions  in  the 
hotspot  formed  by  void  collapse  (14,  15).  The 
hot-spots  are  well  defined  and  not  interacting. 
The  mass  of  material  in  the  hot  spot  is  con¬ 
sumed  by  thermal  explosion  and  by  a  competing 
outward  burning  front,  initiated  from  the  hot 
gas  interface.  The  reaction  rate  is  accelerated 
by  either  process,  till  all  hotspot  material  is  con¬ 
sumed.  A  flame  front  then  propagates  into  the 
cooler  non  hotspot  regions.  The  mass  reaction 
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rate  will  accelerate  as  the  surface  area  of  the  the  pressure  and  temperature  in  the  unreacted 

burning  front  increases  until  the  outward  mov-  medium  fall,  imposing  an  overall  envelope  on 

ing  fronts  from  the  hotspot  sites  interact  and  the  reaction  rate. 

a  grain  erosion  process  developes.  Now  the  reac-  The  implicit  assumption  in  the  hypothesis, 
tion  rate  decelerates  as  the  surface  area  that  thermal  explosion  in  the  bulk  phase  is  in- 

available  for  reaction  is  reduced  (16).  Superim-  significant,  is  justified  by  estimating  the  explo- 

posed  on  this  geometri'*  'dotor  are  the  pressure  sion  times  of  the  composition  from  experimen- 

and  temperature  effects.  As  reaction  proceeds  tally  measured  kinetics  (17)  at  the  calculated 


Fig.  7.  F(t)  17%  Voids  (Unsieved)  Fig.  8.  F(t)  17%  Voids  (75-90  Micron) 


Fig.  9.  F(t)  10%  Voids  (Unsieved)  Fig.  10.  F(t)  10%  Voids  (75-90  Micron ) 
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shock  temperature  (18).  The  explosion  time  by 
this  method  is  15  p S,  much  longer  than  the 
gauge  reaction  times. 

As  voidage  is  increased  two  factors  become 
important:  more  material  is  engulfed  in  the 
hotspot;  and  void  collapse  is  no  longer  a  well 
defined.process  but  a  complex  interaction  which 
may  depend  on  the  jetting  and  reverberation  of 
upstream  neighbours.  Previously  formed  reac¬ 
ting  hot  spot  sites  may  be  skewed  by  the  col¬ 
lapse  of  downstream  voids.  It  is  likely  that  se¬ 
cond  shock  and  turbulent  motion  play  an  impor¬ 
tant  role  in  the  reaction  process.  Energy  con¬ 
siderations  on  the  porous  Hugoniot  can  be  us¬ 
ed  to  estimate  the  magnitude  of  such  effects: 
at  high  voidage  and  low  shock  velocity,  the  tur¬ 
bulent  energy  can  be  50%  of  the  total  energy 
in  the  shock.  Chaotic  motion  of  .'.his  magnitude 
is  an  important  means  of  enhancing  mass  and 
thermal  diffusivity  in  the  system  thus  ac¬ 
celerating  chemic-d  reaction. 

On  moving  to  higher  voidages,  the  reaction 
rate  should  therefore  increase  and  the  profile  of 
the  reaction  will  be  less  significant  as  turbulent 
effects  destroy  geometric  effects.  Addition  of 
more  voids  will  lead  to  a  proportionally  smaller 
increase  in  reaction  rate,  as  proportionately  less 
chaotic  motion  can  be  induced.  If  any  geometric 
effects  remain  they  will  only  be  obvious  at  very 
low  shock  pressures  where  chaotic  effects  will 
be  minimised. 

These  arguments  are  substantiated  by  the 
details  of  the  gauge  records.  At  early  time,  reac¬ 
tion  rates  are  increased  both  by  increasing 
pressure  and  by  increasing  voidage.  As  voidage 
is  increased,  any  detail  apparent  in  the  reaction 
profile  is  lost  as  chaotic  effects  cause  mixing 
and  void-void  interactions.  At  low  voidage  the 
reaction  rate  is  low,  even  at  high  pressure,  as 
the  number  of  hotspot  sites,  and  initial  surface 
area  for  burning  is  much  reduced. 

Inspection  of  the  results  for  the  two  voidage 
types,  unsieved  and  —75+90  micron,  show  the 
latter  to  have  a  more  characteristic  profile,  the 
hot  spot  reaction  being  time-correlated  and 
uniform.  The  overall  reaction  rate  of  the 
material  sensitised  with  sieved  voids  is  lower, 
the  number  density  of  initiation  sites  being  less 
than  in  the  unsieved  case.  At  high  voidage  this 
fall  in  rate  is  less  obvious  due  to  chaotic  effects. 


CALIBRATION  OF  THE  FLOW 
EQUATIONS 

The  variation  of  shock  front  curvature,  charge 
diameter  and  CJ  distance  from  the  gauge  can 
be  used  to  parameterise  equation  10.1  of  (4) 
based  on  the  concept  that  the  shock  is  spherical¬ 
ly  symmetric  over  the  region  close  to  the  charge 
axis  but  suffers  distortion  when  it  approaches 
the  charge  axis  boundary  (3).  i.e.  in  any  charge 
of  diameter  d, 

d  =  2.0  (aRs— Pxqj)  2.1 

where  a  is  the  sin  of  the  angle  subtended  by  the 
charge  axis  and  a  line  connecting  the  origin  of 
the  shock  radius  of  curvature  and  the  point  at 
which  the  first  edge  distortions  is  seen;  and  (1  is 
the  fraction  of  CJ  distances  over  which  the  edge 
effect  extends.  Equation  2.1  should  yield  a 
universal  relationship  for  any  family  of  ex¬ 
plosives  which  can  be  described  by  a  slightly 
divergent  flow  model.  For  the  emulsion  used  in 
this  work  the  observed  shock  front  curvature 
data  for  both  25%  and  17%  voidage  was  found 
to  lie  on  one  line  as  illustrated. 

Although  a  linear  relationship  as  postulated 
in  2.1  is  supported  by  the  data,  the  assymptotic 
behaviour  at  large  diameter  gives  shocks  sub¬ 
stantially  more  curved  than  have  been  reported 
in  the  literature  (13).  We  are  uncertain  of  the 
significance  of  this,  other  than  that  2.1  must  be 
replaced  with  a  higher  order  function. 
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Fig.  11.  Shock  Curvature  Function 

PHENOMENOLOGICAL  MODEL  OF 
THE  REACTION  RATE 

In  (4)  a  functional  form  of  the  reaction  rate 
is  suggested  based  on  decoupling  the  geometric 
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and  pressure  terms  in  the  rate  law.  The  geo¬ 
metric  term  is  based  on  summation  of  Gaussian 
envelopes,  one  for  each  phase  present.  Each 
Gaussian  may  be  delayed  in  F  to  simulate  igni¬ 
tion  and  phase  interdependent  reactions.  The 
width  of  each  Gaussian  represents  the  geometry 
of  the  phase  reaction.  A  pressure  dependency 
for  each  phase  of  the  form  apb  is  added  (19).  For 
a  two  phase  system,  hot  spot  and  bulk  liquid, 
this  reduces  to  a  type  of  Ignition  and  Growth 
model  (2). 

Assuming  only  two  phases  are  present  the 
model  is  defined  by: 


As  no  data  was  available  on  the  a2  index  it  was 
set  equal  to  the  a,  index. 

Parameter  MH  was  chosen  to  control  the 
Gaussian  half  height  width  to  simulate  the  ac¬ 
celeration  and  deceleration  of  reaction  rate  with 
the  fraction  reacted. 

At  least  square  procedure  was  used  to  fit  R„ 
R2  and  R3  based  on  minimising  the  relative  er¬ 
ror  in  F(t)  for  any  set  of  gauge  traces.  Fit)  and 
p(t)  data  used  in  fitting  was  generated  from  a 
cubic  spline  fit  to  the  gauge  records.  A  Monte- 
Carlo  splatter  technique  was  used  to  avoid  local 
minima  in  the  error  function. 


F  =  { [(p-p/‘  /RJGj  +{pa’  /R2)  G2}  (1-F)  3.1 
Gt  =  exp[— (F— Fh]  2/Mh  :  G2=0  :  F>FR  3.2 
G,  =  exp[-(FH-F)  2/Mh)  :  02=1-0! :  F>FH3.3 

FH  =Rd<VTMD/vO“1) 

where  FH  is  the  fraction  of  material  said  to  be 
in  the  hotspot,  pc  is  the  critical  initiation 
pressure;  Mj.j  the  geometry  factor  for  the  Gaus¬ 
sian;  R,  and  R,  are  pressure  time  coefficients  for 
the  hot  spot  and  liquid;  and  a„  a2  are  pressure 
indices. 

Of  the  variabies,  R„  R2  and  R,  are  used  as  fit¬ 
ting  parameters,  and  pcMH,  a„  a2  are  derived 
from  experiment  or  are  arbitrary  functions  of  the 
formulation  variables. 

The  critical  pressure  is  taken  to  be  the  initiation 
pressure  in  a  25  mm  diameter  cartridge  in  a 
PMMA  gap  test. 

The  pressure  index  of  the  hotspot  phase  was 
found  by  plotting  the  absolute  reaction  rate  at 
the  shock  front  against  shock  pressure. 
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Fig.  12.  Absolute  Rate  Plot 


TABLE  1 

Gaussian  Kinetic  Parameters 


Voids 

Voidage 

% 

R, 

Rj 

Rj 

a, 

pc/GPa 

Unsieved 

10 

13.6 

8.7 

1.0 

0.5 

1.20 

75-90 

10 

15.8 

9.5 

l.C 

0.5 

1.20 

Unsieved 

17 

5.1 

4.8 

1.0 

i.5 

0.95 

75-90 

17 

4.4 

4.9 

1.0 

1.5 

0.95 

Unsieved 

25 

2.8 

2.9 

1.5 

1.5 

0.85 

75-90 

25 

5.0 

3.0 

1.5 

1.5 

0.85 

The  behaviour  of  R,  and  R,  shows  the  expected 
trend  of  increasing  time  constant  with  decreas¬ 
ing  voidage.  Variations  in  Rs  are  interpreted  as 
an  increase  in  material  in  the  hotspot  at  high 
voidage,  in  accordance  with  the  view  of  increased 
chaotic  motion. 

Detonation  measurements  on  high  voidage 
emulsion,  have  shown  that  further  increases  in 
voidage  do  not  substantially  decrease  the  critical 
diameter,  but  do  increase  the  fraction  of  the  ideal 
velocity  at  which  detonation  fails,  as  expected 
if  hotspot  mass  were  greatly  increased. 

PREDICTION  OF  DETONATION  & 
VELOCITY  -  DIAMETER 
RELATIONSHIPS 

The  parameterised  Gaussian  rate  law  was  used 
in  conjunction  with  (4)  to  predict  the  variation 
of  detonation  velocity  with  charge  diameter.  This 
was  a  stringent  test  of  both  the  Gaussian  rate 
model  and  the  hydrodynamic  theory,  as  there 
were  no  freely  adjustable  parameters  in  the 
system.  Predictions  were  made  from  the  six 
families  of  gauge  traces  illustrated  previously. 
Those  for  which  reliable  velocity  diameter  data 
was  available  are  shown  to  illustrate  the  trend. 
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At  high  and  medium  voidage,  the  predictions 
of  critical  point  and  slope  of  the  velocity- 
diameter  relationship  were  well  reproduced.  Er¬ 
ror  in  absolute  position  was  partly  due  to  inade¬ 
quacies  in  the  code  used  to  calculate  the  ideal 
detonation  state,  BKWR  (28),  which  is  known  to 
be  inaccurate  at  low  densities.  At  low  voidage 
the  model  breaks  down  catastrophically,  failing 
to  predicc  either  the  slope  or  the  critical  point 
correctly.  The  kinetic  model  does  not  treat  the 
low  voidage  regime  of  well  defined  hotspots  and 
bulk  burning  accurately.  Failure  to  model  the 
outward  burning  of  the  hotspots  into  the  bulk 
reactant  makes  it  impossible  to  return  a  sensi¬ 
ble  reaction  rate  at  low  degrees  of  reaction.  This 
forces  the  second  CJ  condition  to  be  satisfied  at 
higher  reaction,  lengthening  the  CJ  distance,  and 
thus  by  2.1  decreasing  the  diameter  for  any 
given  shock  front  curvature. 


A  more  realistic  numerical  model  which  ac¬ 
counts  explicitly  for  geometry  and  for  hotspot 
interactions,  (21)  or  a  Eulerian  hydrocode  ap¬ 
proach  (19)  i3  required  to  cope  with  such  effects. 

CONCLUSION 

A  method  has  been  proposed  for  the  analysis 
of  electromagnetic  particle  velocity  gauge  data. 
The  analysis  provides  measurement  of  the 
hugoniot  of  the  unreacted  explosive  and  of  the 
reaction  profile  behind  the  shocks.  A  hotspot  ig¬ 
nition  and  bulk  liquid  bum  model  is  found  to 
reproduce  the  gauge  data.  Second  shock  and 
chaotic  processes  are  postulated  to  be  important 
in  determining  the  reaction  profile  at  higher 
voidages. 

The  kinetic  model  used  to  represent  the  gauge 
results  has  been  used  with  a  slightly  divergent 
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Fig.  13.  D(d)  25%  Voids  (Unsieved) 


Fig.  14.  D(d)  25%  Voids  (75-90  Micron ) 


Fig.  15.  D(d)  17%  Voids  (Unsieved) 


Fig.  16.  Did)  10%  Voids  (Unsieved) 
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hydrodynamic  code  to  predict  the  velocity- 
diameter  relationship  of  the  explosive.  Good 
agreement  has  been  found  with  experimental 
observations  at  17  and  25%  voidage.  At  10% 
voidage  the  prediction  of  critical  velocity  is  cor¬ 
rect  but  the  critical  diameter  is  a  factor  of  five 
to  small.  Failure  of  the  model  at  low  voidage  im¬ 
plies  the  form  of  the  kinetic  model  is  incorrect 
in  the  voidage  region  where  hotspots  are  well 
defined  and  the  reaction  process  can  be  thought 
of  as  energetic  hot  spot  reaction  igniting  an  out¬ 
ward  propagating  flame  front.  The  model  is 
unable  to  reproduce  the  correct  geometry  of  the 
reaction  and  thus  accelerates  the  reaction  rate 
too  slowly. 

The  failure  of  the  simple  model  illustrates  the 
need  to  adequately  model  the  complex  geomet¬ 
rical  factors  which  control  the  reaction  profile  in 
heterogeneous  bubble  sensitised  explosives.  Un¬ 
til  this  is  attempted,  phenomenological  models 
should  not  be  expected  to  reproduce  accurately 
detonation  measurements  made  over  a  wide 
variety  of  densities  and  compositions. 
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DETERMINATION  OF  TRANSIENT  AND  KINETIC  CHARACTERISTICS  IN 
SIMULATING  RDX/TNT  50/50  CHARGE  INITIATION 
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This  paper  deals  with  a  numerical  simulation  of  the  RDX/TNT  50/50 
initiation  by  shock  waves  within  the  framework  of  a  gasdynamical 
model  To  describe  detonation  waves,  the  explosive  decomposition 
in  the  reaction  zone  was  defined  by  the  “macrokinetics"  equation. 
The  basic  parameters  of  the  equation  were  improved  by  comparing 
the  computer  and  experimental  pressure  profiles.  The  features  of  the 
initiating  shock  wave  velocity  variation  under  the  impact  of  the 
aluminum  plate  of  finite  thickness  upon  a  test  charge  were  found. 
The  computer  results  allow  to  determine  the  distance  o  f  run  to  detona¬ 
tion  in  dependence  on  initial  shock  pressure.  The  dynamics  of 
pressure  and  specific  volume  variation  at  different  stages  of  the  in¬ 
itiating  wave  transition  to  the  stationary  detonation  regime  was  con¬ 
sidered.  It  has  been  established  that  the  volumetric  energy-release 
rate  p  =  dp/dt+  (CIV)3  dV/dt  achieves  maximum  values  through¬ 
out  the  transient  zone,  when  pressure  behind  the  initiating  wave  front 
becomes  equal  to  Chapman-Jouguet  pressure  at  a  steady-state 
detonation. 


INTRODUCTION 

Shock  initiation  of  heterogeneous  condensed 
explosives  is  characterized  by  a  reaction 
developing  in  hot  points.  This  phenomenon  is 
responsible  for  the  reaction  zone  structure  con¬ 
sisting  of  the  mixture  of  shock-compressed 
unreacted  explosive  and  reaction  products,  i.e. 
the  matters  with  different  physical-chemical 
properties.  A  numerical  simulation  makes  it 
possible  to  obtain  a  detailed  picture  of  the 
gasdynamical  process  in  the  reaction  zone  and 
adds  the  experimental  data. 

In  (1,2)  a  numerical  simulation  of  the  TNT  in¬ 
itiation  was  considered.  In  this  present  paper 
this  method  is  used  to  describe  transient  pro¬ 
cesses  in  RDX/TNT  50/50  consisting  of  the  com¬ 
ponents  with  different  sensitivity  to  shock 
effects. 

The  basic  assumptions  of  the  mathematical 
model  are  the  following: 

1.  Behind  the  shock  front  the  explosive  is 


represented  as  individual  spherical  particles  of 
radius  r0-  The  number  of  particles  per  unit  mass 
is  constant  and  equal  to  N0- 

2.  The  explosive  is  converted  to  the  detona¬ 
tion  products  in  the  decomposition  wave.  The 
wave  front  propagation  velocity  is  proportional 
to  pressure. 

3.  The  components  of  the  mixture  of  ex¬ 
plosive  and  the  detonation  products  with  mass 
concentration  of  (1-q)  and  q,  respectively,  are 
subjected  to  the  same  pressures  and  different 
temperatures  in  the  reaction  zone. 

Under  the  above  assumptions  the  decomposi¬ 
tion  velocity  is  described  by  the  “macro¬ 
kinetics”  equations: 

^  =  -P  ‘exp  {-E*/3Et)o^ 

0<  q  <  q* 

Qjl  =  A(jb.)*p  exp  ( — il)  (l-q*)M  (l-o) % 

60  bT  <-  „  ^  i  . 
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q*  =  exp(  -  JlL )  , 

Et 

where  Q»  q2  are  the  densities  of  explosive  and 
detonation  products,  respectively,  Q„  is  the  in¬ 
itial  density  of  explosive,  a  =  q  •  Q  I  q2  is  the 
bulk  concentration  of  detonation  products  in 
the  mixture  with  density  Q,  ET  is  the  thermal 
component  of  the  specific  internal  energy  of  ex¬ 
plosive,  E*  and  A  are  constants. 

The  equations  of  state  have  been  chosen  in 
the  form  of  Mie-Griineisen  equation.  The  equa¬ 
tions  have  been  solved  by  the  numerical  method 
developed  by  Godunov.  The  constants  in  the 
“macnkinetic”  equation  were  selected  by  com¬ 
paring  the  computational  and  experimental 
pressure  profiles  p(h„  t)  over  different  cross- 
sections  of  the  charge,  where  h,  is  the  Lagrange 
coordinate  (the  distance  to  the  initiating  plane), 
t-time. 

INITIATING  SHOCK  WAVE 
PROPAGATION  IN  THE  CHARGE 
EQUIPPED  BY  GAUGES 

The  RDX/TNT  50/50  specimens  were  loaded 
by  a  pad  of  HE  with  a  plane  wave  lens  through 
an  attenuator  being  the  impedance  mismatch 
combination  (3).  When  an  initial  pressure  in  the 
specimen  is  p0  =  3.8  GPa,  the  gauges  are 
uniformly  distributed  over  the  region,  where  the 
initiating  shock  wave  is  transformed  into  the 
detonation  one  at  h  =  0,  5, 10, 15.1  mm.  In  the 
pressure  region  behind  the  shock  wave  under  5 
-r  lOGPa  the  PTFE  insulation  0.1  mm  thick 
from  each  side  of  the  gauge  provides  for  recor¬ 
ding  of  the  signal  for  a  few  microseconds.  Under 
pressures  close  to  detonation  ones  the  insula¬ 
tion  thickness  is  increased  up  to  0.3  mm. 

The  inert  layers  between  explosive  plates  can 
effect  on  the  initiation  process,  therefore  com¬ 
putations  were  made  with  allowance  for  the  in¬ 
ert  layers. 

The  pressure  profile  on  the  initiation  surface 
p(o,t)  was  used  in  computations  as  boundary 
conditions. 

When  determining  the  parameters  in  the 
equations  of  state,  the  initial  data  are:  the 
Hugoniot  D  =2.49  +1.99u  (4)  for  the  explosive, 
the  Chapman-Jouguet  state  of  the  steady  state 
detonation,  D  =  7.65  km/s,  PCH.j  =  2^.8  GPa, 
UCH-J  =  1-93  km/s  for  detonation  products  (5), 


the  Hugoniot  D  =  1.865  +  1.712  u  for  PTFE 
with  Q0  =  2.193  g/cms. 


Fig.  1.  Initiating  wave  velocity  in  the  charges 

( - with  gauges, - without  gauges) 

x  is  the  distance  to  the  initiating  surface 


Solid  lines  in  Fig.  1  denote  the  values  of  the 
initiating  shock  wave  velocity,  D(x),  between 
the  gauges.  The  v^ave  velocity  within  the 
measuring  station  is  significantly  less  than  D. 
At  the  exit  of  the  wave  from  the  gauge,  the  tran¬ 
sient  processes  are  observed,  but  as  a  whole  the 
D(x)  dependence  is  monotonic  (x  is  the  distance 
from  the  initiation  plane). 

Calculations  made  with  the  same  boundary 
conditions,  without  taking  into  account  the  in¬ 
ert  layers,  show  (the  dashed  line  in  Fig,  1).  that 
the  process  is  more  intensive  in  the  charge 
without  gauges.  A  main  difference  becomes  evi¬ 
dent  after  the  wave  has  passed  through  the 
gauge  at  h  =  5  mm.  This  is  due  to  the  fact  that 
when  the  shock  wave  passes  through  the  inert 
layer,  the  energy  inflow  in  the  reaction  zone 
decreases,  and  under  moderate  pressures  the 
energy  losses  are  significant.  When  the  ex¬ 
plosive  temperature  decreases,  the  decomposi¬ 
tion  velocity  sharply  decreases  too.  As  follows 
from  the  plot  of  mass  concentration  q  vs  time 
presented  in  Fig.  2,  after  the  wave  has  passed 
tlirough  the  charge  at  h=5  and  10  mm,  the 
decomposition  rate  almost  halves. 

The  inert  layers  effect  on  the  shock  wave 
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velocity  takes  place  as  far  as  the  value  of  (u  + 
c)  (u  is  the  particle  velocity,  c  the  sound  veloci¬ 
ty)  at  the  PTFE/  explosive  interface  is  more 
than  D{x).  In  the  case  under  consideration  the 
parameter  distribution  behind  the  shock  front 
is  such  that  the  gauge  makes  effect  for  a  longer 
time  at  h  =  5  mm  than  at  h  =10  mm. 


1*5  2.0  2.5  t,mcs 


Fig.  2.  The  plot  of  concentration  of  detonation 

products  vs  time  at  h  =  5  and  JO  mm  ( - 

without  gauges, _ with  gauges) 

The  q(x)  dependences  in  both  charges  at  the 
moment  of  the  shock  wave  arrival  to  the  gauges 
are  presented  in  Fig.  3. 

Under  moderate  pressures  and  a  relatively 
thin  PTFE  insulation  layer  the  pressure  varia¬ 
tion  on  the  boundaries  of  the  measuring  station 
and  in  its  center  repeat  one  another  and  are  in 
satisfactory  agreement  with  the  experimental 
dependences.  At  h  =  15.1  mm  p(t)  varies  in  a 
different  manner  on  the  left  and  right  boun¬ 
daries  (lines  1  and  3  in  Fig.  4).  After  the  shock 
has  passed  through  the  measuring  station  both 
the  amplitude  and  phase  signal  deviations  are 
observed.  The  pressure  evolution  character  on 
the  boundaries  effects  on  the  pressure  profile 
at  the  gauge  center  (Fig.  4).  Non-monotonic 
dependences  of  pressure  vs  time  are  recorded, 
as  a  rule,  in  the  experiments  (Curve  4  in  Fig.  4). 

PLATE  IMPACT  INITIATION 

The  macrokinetics”  parameters  determined 


above  were  used  in  solving  the  following  pro¬ 
blem.  The  explosive  charge  positioned  at  x  >  0 
at  t  =  0  is  impacted  by  the  aluminum  plate,  1 
in  thickness,  with  the  velocity  W.  The  resulting 


Fig.  3.  Distribution  of  mass  concentration  of 
detonation  products  behind  the  front  of  the  in¬ 
itiating  wave  ( - without  gauges, - 

with  gauges),  x  is  the  distance  to  the  initiation 
surface 

transient  processes  in  the  driver  and  explosive 
were  calculated  in  a  gasdynamical  approxima¬ 
tion.  The  shock  wave  propagating  in  the  ex¬ 
plosive,  the  driver-  explosive  interface  and  the 
free  surface  of  the  driver  were  assumed  to  be 
the  boundaries  of  the  computational  region. 


Fig.  4.  Pressure  profiles  at  h  -  15.1  mm  (T f  3 
calculation,  4  -  experiment) 
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The  Hugoniot  condition  at  the  shock  front, 
continuity  of  pressure  and  mass  velocity  at  the 
interface  and  zero  pressure  on  the  free  surface 
of  the  driver  are  assumed  to  be  the  boundary 
conditions. 

The  driver  velocity  W  ranged  between  0.9  and 
2.4  km/s,  and  the  initial  amplitude  (p0)  of  the 
shock  wave  in  the  explosive  varied  from  5.5  to 
14  GPa. 

As  is  well-known,  the  detonation  initiation  is 
affected  by  amplitude  as  well  as  by  the  dura¬ 
tion  of  the  pressure  pulse.  To  investigate  the  in¬ 
itiation  pulse  amplitude  only,  the  driver 
thickness  was  selected  so  that  to  eliminate  the 
rarefaction  wave  effect  from  the  free  surface  of 
the  driver.  The  value  1  =  3  mm  satisfied  this 
condition  throughout  the  range  W. 

For  all  values  of  the  driver  velocity  a 
qualitative  character  of  the  D(x)  dependences 
has  a  form  of  Curve  1  presented  in  Fig.  5.  (W 
=  1.2  km/s). 


Fig.  5.  The  initiating  wave  velocity  (Curves  1,2) 
and  pressure  distribution  behind  its  front 
(Curves  3-6)  at  different  distances  to  the  initia¬ 
tion  surface 

The  behaviour  of  D(x)  is  characterized  by  the 
fact  that  at  all  p0  the  maximum  wave  accelera¬ 
tion  is  realized  for  one  and  the  same  value  of  D* 
being  some  15%  below  the  ideal  detonation 
velocity.  Furthei  asymptotical  approximation 
of  D  to  an  ideal  detonation  value  is  independent 


of  the  initiating  pulse  parameters.  Curve  2 
shows  the  D(x)  dependence  obtained  from  the 
above-mentioned  calculations  under  explosive 
loading  of  the  specimen  through  the  attenuator. 
Thus  the  differences  in  the  lengths  of  the  tran¬ 
sient  regions  at  different  p0  are  fully  condition¬ 
ed  by  the  distance  from  the  initiation  surface 
to  the  coordinate  of  maximum  wave  accelera¬ 
tion,  x*(p0). 

The  loading  of  explosive  charges  by  the  plate 
impact  was  researched  in  6.  Experiments  show 
a  sharp  initiation  wave  acceleration  in  the  vicini¬ 
ty  of  steady  state  values.  The  distance  from  the 
initiation  surface  to  the  plane  of  maximum  gra¬ 
dients  was  defined  in  (6)  as  “the  distance  to 
detonation”,  X.  The  same  work  suggests  an  ap¬ 
proximate  relation,  p0Xb=const.  The  depen¬ 
dence  approximating  our  calculated  data, 

lgx*  =  -1.27  lgp0+1.87 

was  obtained  by  the  method  of  least  squares 
(Fig.  6).  This  is  in  agreement  with  the 


Fig.  6  Distance  of  run  to  detonation  vs  initial 
nhock  pressure  f-~ TNT/RDX  50/50,  —  -  Comp 
B  (7) 

experimentally  determined  dependence  for  the 
Comp  B  (7)  "lose  by  its  composition  to 
RDX/TNT'  50/50. 

According  to  the  above  mentioned  peculiari¬ 
ties  of  D(x)  evolution,  the  transient  region  can 
be  divided  into  two  zones:  the  first,  within  the 
initial  surface  and  the  maximum  wave  accelera¬ 
tion  coordinate,  and  the  second,  quasistationary 
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zone  which  bounds  the  transient  region. 

The  values  of  D(x)  in  the  first  zone  can  be 
found  by  the  formula 

D(x)-D0  _  (x  f  , 

D* -  D0  x* 

where  D0  is  the  initial  velocity  of  the  initiating 
wave,  p  =  1.6?. 

In  analyzing  the  driver  thickness  effect  on  the 
initiation  process,  evolution  of  the  value 
M  =  in  the  region  between  the  driver 
and  the  shock  front  in  the  explosive  is  con¬ 
sidered.  For  some  time  after  impacting  M>1 
throughout  the  region.  Then  at  t=tm  the  region 
is  formed  near  the  interface,  where  M<1.  If  the 
rarefaction  wave  transition  time  from  the  free 
surface  of  the  driver  is  t2  -^.21/c0>tm,  (c0  is 
the  initial  sound  velocity  in  the  driver),  the 
rarefaction  wave  does  not  effect  on  the  initia¬ 
tion  process.  Therefore  for  the  drivers  with  the 
thickness  l>c0tm/2,  the  dependences  D(x)  are 
the  same.  The  rarefaction  wave  does  not  effect 
on  the  process  also  in  the  case  when  tj.  <  tm,  but 
the  following  inequality  is  fulfilled: 


t*  t* 

/  (u+c)dt<  J  D(t)dt 


Here  t*  is  time  of  the  shock  wave  arrival  in 
point  x*.  u  and  c  are  taken  on  the  first  rarefac¬ 
tion  wave  characteristic.  When  initiation  is 
realized  by  the  way  considered,  throughout  the 
region  between  the  driver  and  the  shock  wave 
the  estimate  M<K  •  Ms  is  valid  for  M  (K  ^  1.1, 
and  Ms  is  determined  for  the  explosive  by  the 
parameters  at  the  shock  front).  In  this  case  the 
inequality  can  be  written  as  follows: 

K  •  Ms  •  Dct.r>(K  •  Ma— l)x* 

From  here  we  can  obtain  the  estimate  for  tr 

x*  1  , 

t> - (1 - » 

D0  K-Ms 

and  an  appropriate  estimate  for  the  driver 
thickness 


uwj; 


( i  — 


K  •  M0 


For  ‘he  explosive  with  the  Hugonoit  taking  the 
form  D=a+bu,  u  and  c  in  proximity  to  the  front 
are  equal  (8) 

u=(D-a)/b,  c ~Q0lQ  ■  (2D— a), 


therefore 

M  2b~ 


a(b  — 2) 
b  D 


The  rarefaction  wave  effect  on  the  behaviour 
of  D  is  illustrated  in  Fig.  7,  where  for  the  driver 
velocity  W=0.9km/s,  the  initiation  process  was 
calculated  at  different  l<lo(0.9)  ca  3mm.  The 
plot  of  D(t)  at  l=l0mm  shows  the  effect  of  the 
first  and  second  stages  of  the  driver  unloading. 
The  pulse  duration  decrease  (1=0. 3mm)  results 
in  a  strong  delay  of  the  process  at  the  initial 
stage.  Nevertheless,  for  the  charge  of  an  infinite 
length  after  passing  a  local  minimum  process 
transforms  to  a  steady  state  detonation.  When 
1=0. 1mm,  the  initiating  wave  decays. 


D,km/s 


Fig.  7.  Initiating  wave  velocity  vs  time  at  dif¬ 
ferent  driver  thicknesses  fW=0.9km/s) 

THE  BEHAVIOUR  OF  BASIC 
PARAMETERS  OF  THE  INITIATING 
WAVE 

Determination  of  pressure  (p),  specific  volume 
(V)  and  energy  release  rate  along  with  the 
analysis  of  the  connection  between  these 
parameters  plays  at  imjtortant  role  in  the  study 
of  the  reaction  zone.  With  taking  into  account 
the  laws  of  energy  conservation  and  on  the 
general  assumptions  upon  the  equations  of 
state,  the  connection  between  the  volumetric 
energy  release  rate  p  (9)  and  other  flow  par¬ 
ameters  behind  the  shock  wave  is  established 
by  the  equation 

p=_dE_  +  |i.)«  « 

dt  V  dt  ’  w 

where  the  derivatives  in  time  t  belong  to 
Lagrange  particles.  According  to  definition  in 
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(10),  is  the  generalized  kinetic  characteristic 
which  establishes  the  connection  between 
pressure  evolution  and  energy  release  in  the 
medium  at  V= const. 

A  differential  character  of  (1)  is  suitable  for 
a  qualiri  ,ive  analysis  of  the  relationship  bet¬ 
ween  the  basic  parameters. 

A  modem  state  of  experimental  methods  in 
principle  enables  determination  of  all  the  param¬ 
eters  in  (1),  and,  consequently,  p  as  a  function 
of  those  parameters  and  specific  energy  (E).  The 
value  of  p  for  TNT  at  the  initiating  wave  front 
was  determined  in  (9, 10),  where  a  nonmonoto- 
nous  character  of  p(ps)  dependence  was  em¬ 
phasized  (ps  is  the  pressure  at  the  shock  front). 
There  are  no  available  data  on  p,  therefore  it  is 
of  great  interest  to  study  how  this  character¬ 
istic  behaves  throughout  the  reaction  zone. 

In  the  present  paper  p  was  determined  on  the 
basis  of  the  above-mentioned  results  on  numer¬ 
ical  simulation  of  the  RDX/TNT  50/50  initiation. 

A  qualitative  character  of  the  pressure  field 
inside  the  charge  b<  hind  the  shock  wave  (Fig. 
5)  varies  as  the  wave  propagates  through  the 
specimen.  In  the  initial  zone  behind  the  shock 
front  there  arises  the  compression  wave, 
therefore  the  maximum  value  of  p  is  at  a  cer¬ 
tain  distance  from  the  wave  front.  A  similar 
pressure  distribution  is  maintained  up  to  x*, 
where  the  compression  wave  is  shocked  up  ac¬ 
companied  by  a  maximum  shock  wave  accelera¬ 
tion.  In  a  quasistationary  zone  the  pressure 
steadily  dec'/eases  as  the  distance  to  the  front 
increases  that  is  characteristic  also  for  distribu¬ 
tion  in  a  stationary  wave. 

For  all  particles,  an  initial  state  after  passing 
of  the  shock  wave  is  the  Hugoniot  state  cor¬ 
responding  to  the  velocity  D(x).  Phase  trajec¬ 
tories  in  p— V  plane  for  the  particles  position¬ 
ed  in  different  cross-sections  of  the  charge  are 
presented  in  Fig.  8.  There  are  three  regimes  of 
p  and  V  variation:  (i)  pressure  increases  when 
the  specific  volume  decreases  (dp/dt>0, 
dV/dt<0h  (ii)  pressure  increases  when  the 
specific  volume  decreases  (dp/dt>0,  dV/dt>0), 
and  (iii)  pressure  decreases  when  the  specific 
volume  increases  (dp/dtCO,  dV/dt>0). 

For  the  particles  in  the  initial  zone,  as  they 
receed  from  the  wave  front,  the  three  regimes 
are  realized,  from  the  first  to  the  third,  this  state 


Fig.  8.  Phase  trajectories  of  Lagrange  particles 
(0-  the  end  of  reaction,  1  -  Rayleigh-Mikhel’son 
line,  2  -  Hugoniot  D  =  2.49 +  1.99u  (4) 

denotes  the  Hugonoit.  calculated  for 
a  finite  time  of  signal  front  resolution  u(t) 

evolution  character  is  due  to  the  presence  of  the 
compression  wave  behind  the  shock  front. 

In  the  quasistationary  zone  the  particle  states 
change,  according  to  the  second  regime,  and 
then,  according  to  the  third  one.  At  the  steady 
state  detonation  only  the  third  regime  is  realiz¬ 
ed,  and  p  and  V  vary  along  the  Rayleigh- 
Mikhel’son  line. 

The  characteristic  p  is  determined  by  the  sum 
of  derivatives  dp/dt  and  dV/dt,  their  absolute 
values  being  changed  over  a  wide  range.  The 
signs  of  the  terms  are  changed  at  different  in¬ 
stants  of  time,  therefore  the  p(p)  dependences 
(p  is  the  pressure)  are  of  qualitatively  different 
form. 

Solid  lines  in  Fig.  9  show  the  p(p)  dependence 
for  the  particle  situated  at  different  points  of 
the  transient  zone.  They  connect  the  values  of 
p  determined  from  the  mean  parameters  during 
At— 20  ns  (that  is  why  the  curves  are  broken). 
The  dashed  line  goes  through  the  values  of  p 
obtained  for  different  particles  for  the  first  20 
ns  after  the  shock  wave  has  passed  through 
them.  For  each  particle  from  the  transient 
region  as  it  recedes  from  the  wave  front,  p  in¬ 
creases  up  to  its  maximum  values  with  a  subse¬ 
quent  decrease  to  zero.  This  is  actual  for  a 
steady-state  detonation  only.  The  values  of  p 
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being  1.5  times  as  large  as  ones  at  the  sta- 
tionaiy  wave  front,  are  maximum  throughout 
the  region  for  the  particles  from  the-  region  close 
to  x*,  30—50  ns  after  the  action  of  the  shock 
waves. 


Fig.  9.  The  plot  of  p  us  pressure  for  different 
Lagrange  particles 


According  to  the  assumptions  made  in  the 
mathematical  model,  the  medium  in  the  reaction 
zone  is  a  mixture  of  two  components,  such  as 
an  unreacted  explosive  and  detonation  prod¬ 
ucts,  and  p  is  expressed  as  follows  (11): 


where  h  is  the  enthalpy,  indices  1  and  2  are 
relating  to  the  explosive  and  detonation  prod¬ 
ucts  respectively.  A3  follows  from  (2),  p  is  a 
complex  function  of  states  of  individual  com¬ 
ponents  and  explosive  decomposition  rate, 
therefore  constructing  a  unitary  analytical 
dependence  p(p,  v)  throughout  the  region  of 
parameter  variation  is  a  hard-to-solve  problem. 

In  analyzing  the  behavior  of  p  in  a  close  vicini¬ 
ty  to  the  shock  front,  it  is  appropriate  to  use 
the  expression  suggested  in  (10)  for  determining 
the  characteristic  from  the  experimentally 
recorded  mass  velocity  profiles  u(t): 

p-e.DO^+ejo'+^-wX^-il*  (3] 


where  the  derivatives  in  x  are  taken  along  the 
trajectories  of  the  shock  wave,  and  the  time 
derivatives- are  relating  to  the  u(t)  dependence 
for  the  Lagrange  particle. 

For  the  first  two  terms  in  (3)  the  signs  are  not 
changes  throughout  the  transient  region.  In  the 
initial  zone  their  monotonous  growth  is  observ¬ 
ed  which  abruptly  decreases  after  x*,  where  the 
derivatives  dD/dx  and  duidx  take  their  max¬ 
imum  values.  In  the  quasistationary  zone  a  con- 
t  ribution  of  the  first  two  terms  into  (3)  steadily 
decreases  to  zero  at  a  stationary  detonation 
(dD/dx=du/dx=0).  The  third  term  changes  its 
sign,  except  for  the  absolute  value  variation  as 
the  shock  wave  propagates  through  the  charge. 
In  the  initial  zone  3u/3t>0,  and  in  tho  quasista¬ 
tionary  zone  3u/3t<0,  as  in  the  case  of  a  steady- 
state  detonation.  The  calculated  value  of  the 
sound  velocity  c  is  always  more  than  D.  Taking 
into  account  the  sign  of  the  last  term,  we  ob¬ 
tain  that  the  contribution  of  the  term  with  du/dt 
in  the  initial  zone  is  negative,  and  in  the 
quasistationary  one  it  is  positive.  The  last  term 
achieves  it3  maximum  value  in  the  case  of  the 
steady-state  deconation. 

Although  the  terms  in  (3)  behave  in  a  different 
manner,  their  sum  in  a  close  vicinity  to  the 
shock  (the  dashed  line  in  Fig.  9.)  steadily  de¬ 
pends  on  pressure  at  the  shock  front.  In  order 
to  show  the  difference  between  the  rates  of  the 
term  variation,  it  is  expedient  to  determine  p 
from  the  parameters  recorded  at  t,  and 
t,  +At(t,^0)  after  the  shock  wave  has  passed 
through  the  particles.  In  so  doing  the  region  of 
a  close  vicintiy  to  the  front  somewhat  increases, 
meanwhile  the  values  of  p,  which  are  integral 
during  t,,  are  obtained,  the  p(p)  dependences  in 
Fig.  10  have  been  determined  at  At=20  ns, 
Curve  1  is  relating  to  t,=0,  Curves  2  and  3  are 
relating  to  t,=20  and  40  ns  respectively, 

(r >. 

2 

In  difference  to  the  steady  dependence  at  t=10 
ns,  Curves  2  and  3  have  maxima  which  decrease 
in  their  absolute  value  with  increasing  r  and 
shift  to  the  region  of  less  pressures. 

When  p  is  determined  experimentally,  due  to 
a  finite  time  resolution  (30  +  50  ns)  there  can 
arise  the  conditions  similar  to  those  under  which 
Curves  2  and  3  were  constructed. 


202 


Fig.  10.  The  plot  of  p  vs  pressure  at  the  front 
determined  within  different  intervals  of  time 
(1—0+20  ns,  2—20+40  ns,  3—40+60  ns) 


Analogous  dependences  were  observed  in  (10). 
It  has  been  proposed  that  the  explosive  decom¬ 
position  mainly  takes  place  directly  at  the  shock 
front.  As  follows  from  the  above,  the  behaviour 
of  p  can  be  explained  by  a  finite  time  resolution, 
without  any  supplements  to  the  Zel’dovich  - 
Neumann  theory. 

It  is  worthy  to  note  one  more  possible 
manifestation  of  a  finite  time  resolution.  By  the 
experiments  similar  to  the  above-mentioned 
ones,  it  is  possible  to  determine  the  Dfx) 
dependence  exactly  enough.  Using  the  signa's 
of  the  mass  velocity  gauges  places  in  different 
cross-sections  of  the  charge,  by  the  initial  evolu 
tion  profiles  u(x,T)  it  is  possible  to  determine 
p=p0-D(s)-u(x,T)  and  V-V0-P(x|^p'T> 
(T  is  the  front  time  resolution).  The  Hugoniot 
calculated  in  a  similar  way  at  T=50  ns  has  a 
form  of  an  ambiguous  dependence  plotted  in 
Fig.  8  by  the  dashed-dotted  line. 

In  attempts  to  extrapolate  the  value  u(x,T)  to 
u(x,0),  considerable  difficulty  has  been  ex¬ 
perienced  in  the  case  of  the  particles  from  the 
vicinity  of  x*.  Indefiniteness  of  the  sign  of 
derivative  da/dl  or  its  value  in  an  initial  phase 
of  the  particle  motion  behind  the  shock  front 
(t<T)  can  lead  to  appreciable  errors. 

The  experimental  pressure  or  mass  velocity 
can  be  determined  by  the  gauges  being  inert 


inclusion  into  the  explosive.  The  energy  release 
interruption,  when  the  detonation  wave  pro¬ 
pagates  over  the  charge,  effects  on  the  evolu¬ 
tion  of  parameter  variation  in  the  reaction  zone. 
The  gauge  effect  is  most  considerable  in  the 
case  of  processes  in  the  quasistationary  zone. 
For  this  reason,  taking  into  account  that  when 
determining  p  it  is  appropriate  to  differentiate 
the  experimental  data,  analysis  of  the  errors  in¬ 
troduced  by  the  gauges  is  a  very  complicated 
problem. 

Calculations  show  that  the  initiating  wave 
parameters  vary  with  a  maximum  rate  at  D*, 
the  pressure  behind  the  shock  wave  front  being 
equal  to  the  Chapman-Jouguet  pressure  at  the 
steady-state  detonation.  The  parameters  behind 
the  shock  front  at  D>D*  are  such  that  a  homo¬ 
geneous  explosive  decompsition  becomes  possi¬ 
ble.  To  investigate  the  character  of  interaction 
between  "hot-spot”  and  homogeneous  mechan¬ 
isms,  it  is  expedient  to  investigate  experimen¬ 
tally  the  quasistationary  zone.  However,  in  the 
case  of  using  manganin  and  electromagnetic 
gauges,  this  investigation  is  hindered  by  a  finite 
time  resolution  as  well  as  by  a  possible  effect 
of  a  gauge  itself  on  the  process  under  consid¬ 
eration. 
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Airblast  results  were  obtained  from  high  ex¬ 
plosive  charges  surrounded  by  casings  that  are 
potentially  reactive  in  air.  Data  was  derived 
from  two  different  test  efforts:  5  kg  and  750  kg 
cylindrical  charges  with  1/d  s  1  fired  to  obtain 
shock  wave  pressure  time  histories  in  the  200 
to  2  psi  peak  shock  overpressure  range.  The 
data  strongly  supports  a  mechanism  proposed 
earlier  to  explain  anomalous  shockwave  at¬ 
tenuation  with  distance  for  inert  friable  casings. 

In  a  prior  paper  (1)  experimental  data  was 
presented  showing  that  the  typical  shock  wave 
attenuation  with  distance  for  a  bare  high  ex¬ 
plosive  charge  in  air  was  affected  only  to  a 
limited  extent  by  the  presence  initially  of  inert 
friable  casings  about  the  charge.  This  was  so 
even  for  a  case  mass  several  times  that  of  the 
high  explosive.  This  was  contrary  to  results  ex¬ 
pected  from  energy  partition  considerations 
alone.  Photographic  and  piezoelectric  pressure 
gauge  evidence  clearly  indicated  that  soon  after 
detonation  of  the  high  explosive  the  solid  cas¬ 
ing  material  outdistanced  the  gaseous  blast 
wave.  The  consequent  loss  by  the  fine  casing 
fragments  of  kinetic  energy  due  to  drag  in  sta¬ 
tionary  air  was  apparent  from  the  relative  posi¬ 
tion  on  photographic  and  pressure  records  of 
precursor  disturbances  and  the  shock  front. 
Such  drag  losses  in  air  must  be  manifest  in 
heating  and  accelerating  the  air  as  a  body. 
Therefore,  it  was  proposed  that  the  main  shock 
wave  in  its  subsequent  passage  through  this 
“fragment  conditioned”  air  would  attenuate 
more  slowly  —  and  thus  exhibit  a  smaller  loss 
of  shock  pressure  with  distance  —  than  other¬ 
wise  expected. 

With  reactive  casings,  however,  the  energy 
produced  by  reaction  of  the  dispersed  casing 


material  —  in  this  instance  a  fine  molten  spray 
—  with  ambient  oxygen  augments  the  heating 
due  to  drag  in  advance  of  the  arrival  of  the  blast 
wave.  As  a  result,  measurements  show  higher 
shock  pressure  levels  than  would  be  expected 
from  high  explosive  alone  —  rather  than  mere¬ 
ly  the  less  than  expected  loss  observed  with  the 
inert  casings.  At  the  same  time  it  is  apparent 
that  geometric  features  of  the  cased  charge  play 
cn  important  role  in  the  shock  wave  pressure 
decay  with  distance  and  direction. 
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DISCUSSION 

How  is  airblast  pressure  from  a  high  ex¬ 
plosive  charge  affected  by  an  inert  or  reactive 
case? 

REPLY 

1.  Before  Negative-Phase-Onset  (NPO)  the 
peak  pressure  of  the  main  shockwave  is 
reduced  due  to  early  partition  of  energy  be¬ 
tween  the  explosion  products  and  the  case 
mass. 

2.  After  NPO  the  main  shockwave  moves 
through  gas  previously  heated  by  kinetic 
(drag)  and  reaction  energy  left  by  precursor 
case  particles. 

3.  Main  shockwave  attenuation  with  distance 
is  slowed  resulting  in  higher  peak  overpres¬ 
sure  at  greater  distance  than  otherwise 
expected. 
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EXPERIMENTAL  BASIS  FOR  MODEL* 


i 


208 


INCLUDES  ILLUSTRATIVE  MATERIAL  FROM  R 


REACTIVE  EXPLOSION  MODEL 

(A  CASE  FOR  HOT  PURSUIT) 

REACTIVE  CASE  (BEFORE  INITIATION  OF  H.E.).  I 
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RESUME 

All  cased  charges  undergo  an  intricate  con¬ 
trapuntal  blast-fragment  interaction  sequence. 
Driven  by  a  condensed  detonation,  case  par¬ 
ticles  and  the  main  shockwave  —  as  they  move 
through  the  ambient  —  are  involved  in  an  alter¬ 
nating  energy  exchange  sequence  that  produces 
a  blastwave  that  ultimately  is  stronger  than  is 
otherwise  expected. 

When  the  case  particles  are  capable  of 
reacting  with  ambient  air  along  the  way  this 
process  is  reinforced  leading  to  a  still  stronger 
blastwave. 
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Accident  investigations  into  explosive  events  in  Ordnance  Factories 
in  recent  years  have  increasingly  pointed  to  ignition  and  deflagra¬ 
tion  phenomena  in  the  munitions  involved.  Experiments  have  been 
conducted  to  investigate  the  behaviour  of  RDX/TNT  60/40  and  CW3 
filled  155mm  shell  subjected  to  accidental  stimuli  such  as  pallet  fires 
and  torching  from  adjacent  munitions.  Other  experiments  have  then 
examined  the  potential  for  these  initial  deflagration  events  to  lead 
to  mass  detonation  of  adjacent  shell  or  to  produce  merely  a  localised 
explosion  of  a  single  munition.  Pallet  fires  have  been  demonstrated 
as  a  potential  cause  of  mass  detonation,  localised  explosion  and,  in 
the  particular  case  of  lightly  plugged  shell,  a  burning  reaction  without 
explosion.  Torching  experiments  lead  only  to  explosions.  Other  ex¬ 
periments  have  reproduced  accidental  ignitions  in  these  munition  fill¬ 
ings  at  ambient.  The  resulting  deflagrations  have  produced  one  ap¬ 
parent  dcflagration/detonation  transition  but  more  routinely  produc¬ 
ed  explosions  which  did  not  communicate  to  adjacent  stores.  There 
is  some  indication  that  detonation  can  be  induced  in  adjacent  shell 
by  the  impact  of  fragments  from  violently  deflagrating  donor  shell. 
The  introduction  of  explosives  exhibiting  lower  levels  of  ex¬ 
plosiveness  could  potentially  improve  safety  in  two  ways.  Explosive 
effects  in  munitions  in  which  accidental  deflagration  events 
originated  would  produce  fewer  and  slower  fragments  and  the  accep¬ 
tor  munitions  would  be  more  resistant  to  fragment  attack.  The 
RARDE  Burning  Tube  test  and  the  RARDE  Small-Scale  Fuel-Fire 
test  have  identified  several  explosives  which  exhibit  low  ex- 
plosiveness  in  these  accident  scenarios.  _ 


1.  INTRODUCTION 

The  RARDE  paper  presented  at  the  7th 
Detonation  Symposium  (1)  described  studies  on 
the  explosiveness  of  explosives  commonly  used 
as  munition  fillings.  The  paper  proposed  that 
the  hazard  associated  with  a  munition  involv¬ 
ed  in  an  accident  should  be  assessed  both  on  the 
likelihood  of  an  initiation  occurring,  (the  sen¬ 
sitiveness  of  an  explosive)  and  on  the  nature  or 
violence  of  any  event  initiated  (the  explosive¬ 
ness  of  the  material  in  that  system).  RARDE 
investigations  of  many  different  types  of  muni¬ 
tion  accidents  have  demonstrated  that  most 


events  not  directly  attributable  to  fuze  failure 
were  caused  by  ignition  of  the  main  secondary 
high  explosive  filling.  The  violence  of  the  event 
that  ensued  is  a  function  of  the  explosiveness 
of  the  material  in  that  system,  which  is  itself 
dependent  on  the  deflagrative  properties  of  the 
explosive  and  the  level  of  confinement  it  ex¬ 
periences.  The  work  reported  here  is  concerned 
with  whether  or  not  an  initial  deflagrative  event 
induced  in  one  munition  is  capable  of  inducing 
siinilrr  or  more  violent  events  in  adjacent  ex¬ 
plosive  filled  stores.  The  possible  extremes  of 
consequence  are  failure  of  the  event  to  propa¬ 
gate  or  transfer  of  the  deflagrative  event  to 
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potential  mass  detonation. 

1.1  Accidents  involving  munitions  in  filling 
factories. 

In  recent  years,  RARDE  investigations  into 
accidents  involving  munitions,  particularly  high 
explosive  filled  shell,  have  demonstrated  that 
they  have  been  caused  by  ignitions  and 
deflagrations  rather  than  by  shock  initia¬ 
tion/detonation  processes.  Typical  examples  oc¬ 
curred  at  the  Royal  Ordnance  Factory  Glascoed 
in  1972  and  at  the  Royal  Ordnance  Factory 
Chorley  in  198i.  In  the  Glascoed  incident  a  pro¬ 
cess  worker  was  reworking  some  RD.  I/TNT 
filled  5.5"  shell,  part  of  the  reworking  involv¬ 
ing  the  removal  of  a  red  phosphorus  smokebox. 
The  smokebox  was  positioned  at  the  base  of  the 
exploder  cavity  at  the  nose-end  of  the  shell.  An 
explosion  occurred  which  killed  the  worker  in¬ 
volved  but  did  not  propagate  into  15  adjacent 
shell  awaiting  attention.  These  shell  were 
thrown  around  the  workshop  but  showed  no 
sign  of  having  had  any  form  of  reaction  induc¬ 
ed  in  them.  The  workshop  building  was  exten¬ 
sively  damaged  structurally. 

The  RARDE  investigation  demonstrated 
that  mixtures  of  RDX/TNT  and  red 
phosphorus,  with  or  without  tetryl,  were  sen¬ 
sitive  to  impact  and  frictional  forces  in  the  order 
of  those  experienced  in  the  top  of  the  shell  dur¬ 
ing  the  removal  of  a  stubborn  smokebox.  It  also 
showed  that  it  was  possible  to  induce  an  ex¬ 
plosive  deflagration  in  a  5.5"  shell  by  dropping 
a  12kg  weight  from  2.7m  onto  a  drift  set  on  top 
of  50/50  mixture  of  red  phosphorus  and 
RDX/TNT.  The  resulting  fragments  were  larger 
than  those  observed  when  the  shell  was 
deliberately  detonated  through  its  fuze  train 
but  were  still  indicative  of  a  highly  energetic 
deflagrative  event  having  occurred  in  the  item 
of  ordnance. 

The  second  incident  at  ROF  Chorley  occurred 
during  routine  sectioning  of  a  155mm  shell  also 
filled  with  RDX/TNT  mixture.  The  explosive 
event  did  not  damage  the  band  saw  irreparably 
but  did  cause  damage  to  the  building  and  to  two 
adjacent  155mm  shell  by  burning.  Inspection  of 
the  shell  involved  in  the  original  incident  sug¬ 
gested  that  the  ignition  had  occurred  just  as  the 
saw  blade  had  entered  the  explosive.  Metal¬ 
lurgical  examination  of  the  fragments  of  the 
shell  suggested  that  the  explosive  event  was 


a  deflagration.  These  recent  events,  where  an 
original  deflagrative  event  was  caused  by  some 
form  of  ignition,  both  led  to  a  decaying  reaction. 
In  other  words,  the  event  produced  in  adjacent 
shell  was  of  a  lower  order  than  the  original 
reaction. 

An  examination  of  the  records  of  events  con¬ 
cerning  munitions  in  other  incidents  does  not 
always  show  the  same  trend.  An  incident  at  the 
Morgan  filling  plant  in  New  Jersey,  USA  in  Oc¬ 
tober  1918  is  an  example  (2).  The  Morgan  plant 
was  the  largest  munition  filling  plant  in  the 
world  at  the  time.  An  initial  explosion  in  an 
Amatol  kettle  produced  a  fre.  After  approx¬ 
imately  15  minutes  a  number  of  155mm  and/or 
8 "  shell  in  an  adjacent  shipping  and  painting 
room  were  described  as  exploding  with  their 
boosters  ‘popping’.  Very  soon  afterwards  there 
was  a  heavy  explosion  involving  the  apparent 
detonation  of  200  to  475  shell  stored  in  the  shell 
‘hospital’.  The  roof  of  the  shell  hospital  had  been 
demolished  by  the  first  explosion  and  was  on 
fire.  The  explosion  made  a  crater  5 '  deep  and  35 ' 
in  diameter.  Approximately  25  minutes  later 
there  was  a  third  explosion  of  approximately 
800  shell  which  were  in  a  rail-car  near  the  ship¬ 
ping  room.  Other  explosions  occurred  at  inter¬ 
vals  which  propelled  burning  shell  and 
fragments  into  adjacent  structures.  At  about  2 
a.m.  a  fire  which  had  apparently  gone  dormant 
in  an  adjacent  magazine  suddenly  broke  out 
again  and  resulted  in  the  mass  detonation  of  all 
the  shell  stored  in  the  unit.  Various  rail-car 
loads  then  started  to  detonate  at  regular  inter¬ 
vals.  Events  propagated  through  adjacent 
magazines  containing  bulk  explosive  and  into 
storage  areas  containing  shell.  There  is  evidence 
that  66,000  155mm  shell  detonated  en  masse 
making  a  crater  25'  deep  and  100'  wide,  600’ 
long.  When  the  final  reckoning  was  made,  it  was 
estimated  that  the  original  event  had  led  to  the 
detonation  or  destruction  of  some  308,239  shell 
out  of  a  total  of  1,013,458  loaded  shell  at  the 
plant  at  the  time.  In  this  event,  or  rather  series 
of  events,  a  variety  of  stimuli  likely  to  promote 
ignitions  led  to  many  cases  of  mass  detonation. 

2.  EXPERIMENTAL  PROPAGATION 
TRIALS 

Trials  have  been  conducted  to  establish  the 
degree  of  violence  generated  by  various  forms 
of  deflagrative  stimulus  possible  in  an  accident. 
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Other  trials  were  then  conducted  to  establish 
whether  the  events  would  propagate  to  adjacent 
stores  and  whether  the  propagation  could  lead 
to  mass  detonation. 

2.1  Shell  subjected  to  wooden  pallet  fires. 

The  first  series  of  trials  was  concerned  with 
events  caused  by  munitions  being  subjected  to 
a  fire.  The  introduction  of  unit  loads  of  ammuni¬ 
tion  and  the  consequent  palletisation  of  muni¬ 
tions  has  introduced  the  possible  hazard  of  a  fire 
involving  the  wooden  pallet  on  which  shell  are 
stored.  At  least  one  accident  has  been  ascribed 
to  this  cause  recently. 

Experiments  were  first  conducted  with  in¬ 
dividual  shell  positioned  on  typical  wooden 
pallets.  The  shell  was  either  held  vertically  in 
a  light  steel  framework  or  laid  horizontally  on 
the  pallet.  Fires  were  promoted  using  a  small 
thermite  charge  and  a  minimal  quantity  of 
petrol  or  kerosene.  Sufficient  flammable  fluid 
was  used  to  ensure  that  the  wooden  pallet 
caught  fire  but  not  so  much  that  the  shell  was 
subjected  to  a  fuel-fire.  The  trials  were  con¬ 
ducted  with  155mm  shell  containing  either 
CW3,  an  RDX/TNT  60/40  modified  with  a 
nucleating  agent  (HNS)  and  containing  small 
quantities  of  plasticiser  or  with  normal  UK 
RDX/TNT  60/40.  The  shell  contained  approx¬ 
imately  1 1.5kg  of  explosive.  The  trials  were  con¬ 
ducted  at  3  separate  locations  designated  A,  B 
and  C.  Small  variations  in  the  experimental 
methods  may  have  thus  been  introduced.  In¬ 
strumentation  for  the  measurements  of  air  blast 
using  piezo-gauges  to  an  accuracy  of  ±  5%  was 
only  available  at  C.  Approximate  values  of  air 
blast  were  obtained  for  some  events  at  locations 
A  and  B  using  foil  gauges  which  are  accurate 
to  ±  25%.  All  events  were  recorded  on  CCTV 
video.  Shell  at  location  C  were  monitored  with 
thermocouples.  Vertically  positioned  shell  were 
monitored  at  base,  centre  and  nose.  Horizontal¬ 
ly  positioned  shell  were  monitored  at  three  posi¬ 
tions  around  their  centres.  The  results  are 
presented  in  Table  1. 

Further  experiments  were  then  conducted 
with  batches  of  three  155mm  shell  subjected  to 
similar  pallet  fires.  Again  the  shell  were  posi¬ 
tioned  either  vertically  in  a  light  steel  frame¬ 
work  or  were  laid  horizontally.  They  were  placed 
at  either  95mm,  135mm  or  360mm  apart.  Most 
experiments  were  conducted  with  steel  transit 


plug  firmly  screwed  into  the  nose  of  the  projec¬ 
tiles.  In  tests  so  designated  either  no  transit 
plug  or  a  light  plastic  plug  was  used.  The  results 
are  presented  in  Table  2. 

2.2  Shell  subjected  to  ‘torching’  from  adjacent 
shell. 

An  alternative  mechanism  for  accidental  igni¬ 
tion  was  explored  by  arranging  for  the  ignition 
of  the  main  secondary  explosive  in  the  top  of 
an  unplugged  shell  then  directing  the  burning 
gases  produced  onto  an  adjacent  shell  or 
number  of  shell.  The  intense  localised  heating 
effect  was  similar  to  the  action  of  a  blow-torch. 
It  was  considered  that  this  mechanism  could 
apply  in  accidents  similar  to  both  the  Chorley 
incident  and  the  Morgan  plant  scenario  describ¬ 
ed  in  1.1  Standard  155mm  CW3  filled  shell  were 
used  in  these  experiments.  The  ignition  of  the 
donor  was  achieved  using  a  small  electrically  ig¬ 
nited  thermite  charge.  The  events  were  mon¬ 
itored  as  before  and  the  results  are  presented 
in  Table  3. 

2.3  Shell  subjected  to  fragments  from 
deflagrating  donors  at  ambient  temperature. 

The  final  mechanism  explored  was  the  simula¬ 
tion  of  an  ignition  in  a  shell  at  ambient  temper¬ 
ature.  Impact,  friction  and  fragment  attack 
have  all  been  demonstrated  as  possible  sources 
of  ignition  and  all  could  occur  as  either  the 
primary  source  of  the  event  or  as  a  secondary 
effect  from  an  explosive  event  in  an  adjacent 
store.  Although  all  of  these  stimuli  would  be 
manifested  by  some  thermo-mechanical  process, 
the  events  in  the  donor  shell  were  incited  by 
solely  thermal  stimuli  using  a  match-head  ig¬ 
niter  and  1.5g  propellant  charge.  This  was  used 
for  experimental  simplification  and  to  assist 
with  the  synchronisation  of  the  event  with  high¬ 
speed  cameras.  The  role  of  confinement  on  the 
explosiveness  of  the  system  has  already  been 
demonstrated  (1).  Therefore  the  two  extremes 
of  confinement  afforded  by  nose  and  base  igni¬ 
tion  were  used.  High-speed  cameras  operating 
at  6-7000  fps  were  employed  in  addition  to  the 
normal  CCTV  video  and  blast  assessment. 
Several  detonating  donors  were  added  to  the  ex¬ 
perimental  series  to  provide  a  comparison  for 
both  blast  measurement  and  high-speed  cine 
record.  The  results  are  presented  in  Table  4  for 
those  events  originating  from  ignitions  and 
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TABLE  1 

Single  Shell  on  Pallet  Fire 


Serial 

Filling 

Horizontal/ 

Vertical 

Location 

Time  (mins) 

Result 

Remarks 

U> 

Chorley  CW3 
unplugged 

Vertical 

n 

17.5 

Explosion 

Large  pieces  of  HE  found. 

Large  shell  fragments. 

(2) 

Chorley  CW3 
plugged 

Vertical 

C 

16.9 

Explosion 

Small  pieces  HE  found.  Large 
shell  fragments. 

(3) 

Woolwich  R/T 

Vertical 

C 

5.6 

Violent 

expolsion/ 

detonation 

No  explosive  found.  Blast 
pressure  similar  to  detonated 
shell. 

(4) 

Chorley  CW3 
plastic  cap 

Vertical 

c 

11.2 

Explosion 

No  explosive  found.  Large 
fragments  of  shell. 

(5) 

Chorley  CW3 
steel  plug 

Vertical 

c 

7.8 

Explosion 

No  explosive  found.  Large 
fragments  of  shell. 

(6) 

Chorley  CW3 

Horizontal 

c 

2.75 

Violent 

explosion/ 

detonation 

No  explosive  found.  Small 
blued  fragments  recovered. 

High  blast  pressure. 

(7! 

Chorloy  CVV3 

Horizontal 

m 

4.3 

Explosion 

Large  pieces  of  HE  found. 

Largo  fragments  of  shell. 

(81 

Woolwich  R/T 
plastic  plug 

Horizontal 

c 

Started  burning  at  3 
mins.  Extinguished 
at  14.0mins. 

Steady  Burn 

All  HE  burnt  out.  Shell  case 
intact. 

(91 

Chorley  CW3 
steel  plug 

Horizontal 

c 

3.35 

Violent 

explosion/ 

detonation 

Mo  explosive  found.  Small  blued 
fragments  of  shell. 

TABLE  2 

Multiple  Shells  on  Pallet  Fire 


Serial 

i 

Filling 

Horizontal/ 

Vertical 

Ixxrntion 

Time(mins) 

Result 

Remarks 

(10) 

3  x  Chorley 
CW3  steel  transit 
plugs 

Vertical 

C 

4.3 

Detonation 

No  shell  or  explosive  fragments 
recovered.  Blast  pressure  equi¬ 
valent  to  detonation  of  all  3 
shells. 

(11) 

3  x  Woolwich 
R/T  plastic 
plugs 

Vertical 

C 

Plug  blew  out  at 

9.0.  2nd  plug  blew 
out  at  9.5.  Detona¬ 
tion  at  15.8. 

Initial 
venting  on 

2  shells. 

3rd  shell 
detonated, 
initiating 
remainder. 

No  explosive  recovered.  Blast 
pressure  equivalent  to  detona¬ 
tion  of  soverol  shells. 

(12) 

3  x  Chorley 
CW3 

Horizontal 

C 

1st  explosion  at 

1.76.  2nd  explosion 
2.2. 

1st  event 
explosion  1 
shell  thrown 
clear.  2nd 
event 

detonation. 

blast  pressure  similar  to  one 
shell  detonating.  One  shell  left 
intact  after  being  thrown  clear. 

(13) 

3  x  Woolwich 
R/T  steel 
transit  plugs 

Horizontal 

C 

1st  event  explosion 
at  2.5.  2nd  explo¬ 
sion  at  4.2. 

1st  event 
explosion. 
2nd  event 
explosion  1 
shell  thrown 
clear. 

One  shell  intact.  Large  shell 
fragments  recovered.  Low  blast 
pressure. 
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TABLE  3 

Torching  Experiments 


Serial 

Filling 

Location 

Position  on 
the  acceptor 
(thickness  of 
shell  wall) 

Time  to  event 
(mins) 

Result 

Remarks 

14M21) 

Chorley  CW3 
single  155mm 
shells 

B 

^Bj| 

Slow  bum 

All  shells  burnt  out  without 
explosion  leaving  the  shell 
case  empty  and  intact. 

(22) 

Chorley  CW3  One 
donor.  One 
acceptor  without 
transit  plug. 

A 

Driving  band 
(21mm). 

5.5 

Acceptor  ex¬ 
ploded.  Donor 
burnt  for  70 
mins. 

Tho  acceptor  shell  split  into 
large  fragments.  Explosive 
recovered  from  acceptor. 

Donor  completely  burnt  out 
after  70  mins. 

(23) 

Chorley  CW3  One 
donor.  One  accep¬ 
tor  without 
transit  plug. 

■ 

Ogive,  280mm 
from  nose 
(6mm) 

0.8 

Acceptor 
exploded  extin 
guishing  and 
fragmenting 
donor. 

Acceptor  ai'd  donor  split 
open  and  large  quantities  of 
explosive  recover  ad. 

(24) 

Chorley  CVV3  One 
donor.  One  accep¬ 
tor  with  steel 
transit  plug. 

A 

Ogive.  280mm 
from  nose 
(6mm) 

0.6 

Acceptor 
exploded  extin 
guishing  donor 

Large  fragments  of  acceptor 
shell  recovered  together  with 
explosive.  Donor  recovered 
nearly  intact. 

(25) 

Chorley  CW3  One 
donor.  Two  accep¬ 
tor  shell,  one  with 
steel  transit  plug, 
one  without. 

A 

Three  shells  in 
line  with  tho 
donor  central 
and  drawn  back 
350mm.  Shells 
in  contact  at 
driving  band. 

HE  Melted  from 
unplugged  shell. 
Explosion  from 
plugged  shell  at 
8.25. 

Explosion  of 
plugged  accep¬ 
tor.  Steady 
burn  of  donor 
and  unplugged 
acceptor. 

Unconsumed  explosive 
recovered  from  the  plugged 
acceptor.  Donor  and 
unplugged  acceptor  burned 
out  without  explosion. 

(26) 

Chorley  CVV3  One 
donor.  One  accep¬ 
tor  plugged. 

Donor  torching 
directly  into  the 
base  of  tho  ac¬ 
ceptor  (30mm). 

10.5 

Explosion  of 
acceptor. 
Steady  burn  of 
donor. 

Shell  caso  of  nccoptor  split 
into  one  major  and  one 
minor  fragment.  Case  went 
100m  in  one  direction,  ex¬ 
plosive  in  the  other. 

(27) 

Chorley  CW3  One 
donor.  Ono  accep¬ 
tor  plugged. 

A 

As  (26) 

9.9 

Explosion  of 
acceptor. 
Steady  burn  of 
donor. 

Acceptor  shell  split  open. 
Unconsumed  HE  recovered. 
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TABLE  4 

Deflagrations  Induced  at  Ambient 


Serial 

Filling 

Location 

Position  of 
Ignition 

Result 

Blast  Over¬ 
pressure  (bars) 

Remarks 

(28) 

CW3  without 
transit  plug 

■ 

Ba:  a 

Violent 

Explosion 

— 

Small  fragments  of  shell 
recovered.  Small  quantity  of 
explosive  recovered. 

(29) 

CW3  without 
transit  plug 

H 

Base 

Violent 

Explosion 

<0.14  at  9.0m 

Small  fragments  of  shell 
base  recovered. 

(30) 

CW3 

H 

Base 

Explosion 

<0.69  at  4.5m 

Large  fragments  of  nose 
and  base  recovered. 

(31) 

RDX/TNT  60/40 

c 

Base 

Violent 

Explosion 

Possible 

Detonation 

0.74  at  9.0m 

No  fragments  of  shell  or 
residual  explosive 
recovered. 

(32) 

RDX/TNT  60/40 

■ 

Base 

Violent 

Explosion 

0.32  at  9.0m 

No  fragments  of  shell 
recovered  but  slight  residue 
of  explosive. 

(33) 

CVV3  with  steel 
transit  plug 

■ 

Nose 

Mild 

Explosion 

None-Recorded 

Nose  of  shell  blown  open 
majority  of  explosive 
consumed. 

(34) 

CVV3 

c 

Nose 

Mild 

Explosion 

None  recorded 

Nose  of  shell  blown  open, 
majority  of  explosive 
unconsumed. 

(3e) 

CVV3 

c 

Nose 

Mild 

Explosion 

0.11  at  9.0m 

Nose  of  shell  blown  open, 
majority  of  shell  intact  con¬ 
taining  HE. 

(36) 

Donor:  CVV3 
without  transit 
plug.  Acceptors: 
CW3  one  with 
and  one  without 
plugs.  95mm 
from  donor. 

A 

Base  of  central 
shell. 

Apparent 
Detonation  of 
all  three 
shells 

0.4  at  9.0m 

Small  fragments  of  donor 
base  recovered.  No  other 
fragments  found.  Crater 
produced. 

(37) 

Donor:  CW3 
without  transit 
plug.  Acceptors: 
CW3  one  with 
and  one  without 
plugs.  135mm 
from  donor. 

A 

Base  of  central 
shell 

Apparent 
Detonation  of 
ail  three 
shells 

Not  recorded 

Small  fragments  of  donor 
base  found  but  none  other. 

(38) 

Donor:  CW3 
Acceptors:  CVV3 
on  either  side  of 
donor  at  135mm 

■ 

Base  of  central 
shell 

Explosion  of 
donor.  Accep¬ 
tors  little 
damaged. 

Not  recorded 

Large  fragments  of  donor 
base  recovered  and  traces  of 
explosive  found.  Acceptor 
shells  thrown  7.5m  and 

10.0m  with  slight  damage. 

(39) 

Donor-  CW3 
Acceptors:  CW ! 
on  -ither  side  of 
donor  at  95mm 

C 

Base  of  central 
shell 

Explosion  of 
donor.  Accep¬ 
tors  little 
damaged. 

0.09  at  9.0m 

Large  fragments  of  donor 
base  recovered  and  traces  of 
explosive.  Acceptor  shelis 
thrown  about  8m  with 
slight  damage. 

(40) 

Donor: 

RDX/TNT  60/40 
Acceptors:  CW3 
on  either  side  of 
donor  at  95mm 

c 

Base  of  central 
shell 

Violent  explo¬ 
sion  of  donor. 
Acceptors 
complete  with 
heavy 

indentations. 

0.31  at  9.0m 

Fragments  of  base  of  donor 
recovered.  No  traces  of  ex¬ 
plosive.  Acceptor  shells  in¬ 
tact  but  heavily  indented. 
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TABLE  4  (continued) 
Deflagration  Induced  at  Ambient 


Serial 

Filling 

Location 

Position  of 
Ignition 

Result 

Blast  over¬ 
pressure  (bars) 

Remarks 

(41) 

Donor:  CW3 
Acceptors:  CW3 
at  95mm  on 
either  side 

C 

Base  of  central 
shell 

Explosion  of 
donor.  Accep¬ 
tors  intact 

0.09  at  9.0m 

Large  fragments  of  base 
recovered  and  traces  of  ex¬ 
plosive.  Acceptor  shells 
recovered  intact  with  minor 
indentations. 

(42) 

Donor  :  CW3  Ac¬ 
ceptors:  CW3  at 
95  mm  on  either 
side. 

C 

Base  of  central 
shell 

Violent  Ex¬ 
plosion  of 
donor.  One 
acceptor 
broken  into 
two  pieces; 
second  accep¬ 
tor  punctured 
but  no 
reaction. 

0.23  at  9.0m 

Fragments  recovered  from 
base  of  donor.  One  acceptor 
broken  into  two  and  thrown 
35m  with  no  sign  of  reac¬ 
tion.  Second  acceptor  punc¬ 
tured  and  thrown  15m. 

(43) 

Donor:  CW3 
Acceptors:  CW3 
at  95min  on 
either  side 

C 

Base  of  central 
shell 

Moderately 
violent  explo¬ 
sion  of  donor. 
One  acceptor 
intact  but 
cracked.  Se¬ 
cond  acceptor 
intact  but 
with 

moderate 

indentations. 

0.13  at  9.0m 

Fragments  of  donor  and 
some  residual  HE  from 
donor  recovered.  Both  ac¬ 
ceptors  with  slight  to 
moderate  damage. 

(441 

Donor:  CW3 
Acceptors:  CW3 
at  95mm  on 
either  side 

c 

Base  of  central 
shell 

Moderately 
violent  explo¬ 
sion  of  donor. 
Both  accep¬ 
tors  with 
slight  inden¬ 
tations 

0.18  at  9.0m 

Fragments  of  donor 
recovered.  Both  acceptors 
recovered  intact  with  slight 
indentations. 

(45) 

Donor: 

KDX/TNT  60/40 
Acceptor:  CW3 
ut  85mm 

A 

Base  of  central 
shell 

Violent  explo¬ 
sion  of  donor. 
Explosion  of 
acceptor. 

Not  recorded 

Small  fragments  of  donor 
and  largo  fragments  of  ac¬ 
ceptor  recovered.  Small 
quantities  of  both 

RDX/TNT  and  CW3 
recovered. 

(46) 

Donor 

RDX/TNT  60/40 
Acceptors:  CW3 
at  105mm  and 
350mm 

A 

Base  of  central 
shell 

Violent  explo¬ 
sion  of  donor. 
Explosion  of 
closest 
acceptor. 

Not  recorded 

Small  fragments  of  donor 
and  large  fragments  of 
closes*  acceptor  recovered. 
Other  acceptor  intact.  Small 
quantities  of  both 

RDX/TNT  and  CW3 
recovered. 

■ 

Nose  of  central 
shell 

Mild  explo¬ 
sion  donor 
shell. 

Acceptors  lit¬ 
tle  damaged. 

Not  recorded 

Damage  to  donor  limited  to 
nose  area.  Most  of  shell  and 
explosive  recovered.  Accep¬ 
tors  practically  undamaged. 

(4  8) 

Donor:  CVV3 
Acceptors:  CW3 
at  95mm  distant 

C 

Nose  of  central 
shell 

Mild  explo¬ 
sion  donor 
shell.  One  ac¬ 
ceptor  with 
superficial 
damage. 

Other 

unmarked. 

0.11  at  9.0m 

Damage  to  donor  limited  to 
nose  area.  Left  hand  shell 
blown  8m  left  with  damage 
to  nose.  Right  hand  shell 
blown  5in  right. 
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Table  5  for  the  comparative  detonations. 

3.  DISCUSSION 

3.1  Shell  subjected  to  pallet  fires. 

Examination  of  the  results  in  Table  1  shows 
that  three  types  of  event  can  occur  from  a  single 
unfuzed  155mm  shell  filled  with  RDX/TNT  or 
CW3  being  exposed  to  a  pallet  fire.  The  shell 
may  detonate,  it  may  explode  or,  in  the  special 
case  of  a  shell  with  only  a  light  plastic  nose-cap, 
it  may  burn  steadily  without  explosion. 

RDX/TNT  60/40  and  its  variant,  CW3,  have 
been  shown  to  exhibit  high  levels  of  explo¬ 
siveness  when  measured  in  the  RARDE  Burn¬ 
ing  Tube  test  even  with  the  explosive  at  am¬ 
bient  termperature  (1).  Indeed,  deflagration 
velocities  of  the  order  of  1,400m  s-1  have  been 
measured  for  500mm  long  charges  of  RDX/TNT 
60/40.  It  has  also  been  demonstrated  that  the 
explosiveness  of  RDX/TNT  60/40  can  be 
enhanced  and  that  it  may  detonate  when  sub¬ 
jected  to  a  fuel  fire  under  the  conditions  of  total 
metal  confinement  afforded  by  the  burning  tube 
(1).  It  is  not  surprising  therefore  that  deflagra¬ 
tions  in  RDX/TNT  and  its  variant,  CW3,  did, 
on  occasions,  transit  to  detonation  when  sub¬ 
jected  to  these  pallet  fires.  Even  assuming  that 
it  was  only  the  skin  of  the  explosive  that  had 
time  to  have  been  conditioned  to  the  several 
hundred  degrees  measured  in  these  ex¬ 
periments,  the  rate  of  deflagration  is  likely  to 
be  more  rapid  than  at  ambient  temperature. 

The  short  times  for  the  events  to  occur  indicate 
that  the  reactions  are  probably  promoted  by  ig¬ 
nitions  at  the  metal/explosive  interface  rather 
than  from  some  self-heating  effect  occurring  in¬ 
ternally.  Assuming  a  doubling  of  the  reaction 
rate  for  every  10K  soon  makes  the  attainment 
of  deflagration  velocities  of  sufficient 
magnitude  that  DDT  becomes  a  possibility  at 
the  temperatures  experienced  in  these  tests.  In 
fact  it  is  remarkable  that  detonations  are  in  a 
minority  in  these  experiments  presumably 
because  of  the  overriding  effects  of  confinement 
loss  on  deflagration  reactions.  A  sudden  reduc¬ 
tion  in  confinement  caused  by  the  failure  of  the 
shell  casing  removes  the  pressurisation  on  the 
burning  reaction  which  can  fade  rapidly.  The 
many  occasions  that  unreacted  explosive  was 
recovered  was  evidence  for  the  role  of  confine¬ 
ment  release  in  inhibiting  the  transition  from 


deflagration  to  detonation. 

From  Table  1  there  is  an  obvious  correlation 
between  the  time  to  event  and  whether  or  not 
the  shell  was  originally  positioned  vertically  or 
horizontally.  Vertically  positioned  shell  seem  to 
survive  considerably  longer  before  reacting,  an 
average  of  11.8  minutes  compared  with  3.5 
minutes  for  horizontal  shell.  It  would  seem  that 
the  explosive  contents  of  the  shell  in  a  horizon¬ 
tal  position  were  subjected  to  a  more  uniform 
and  possibly  more  intense  heat  than  the  con¬ 
tents  of  the  vertical  shell.  The  thermocouple 
results  in  general  support  this  view  but  also 
show  considerable  variation  from  experiment  to 
experiment.  Comparison  of  thermocouple  rec¬ 
ords  from  Serial  (5)  and  (9)  shows  that  the  outer 
skin  of  the  vertical  shell  in  (5)  reached  a  peak 
of  470  0  in  3.3  minutes  but  returned  to  less  than 
370  °C  until  explosion  at  7.8  minutes.  The  skin 
temperature  in  (9)  for  the  horizontal  shell  peaks 
at  500  °C  after  2.5  minutes  and  remains  in  ex¬ 
cess  of  460  °C  until  detonation  occurred  at  3.35 
minutes.  However,  in  several  other  experiments 
thermocouple  records  of  600  °C  were  recorded. 
At  the  moment  there  does  not  seem  to  be  a 
direct  correlation  between  the  temperature  and 
whether  or  not  a  detonation  occurred. 

From  Table  2,  increasing  the  number  of  shell 
on  the  pallet  fire  does  seem  to  increase  the 
chance  of  mass  detonation.  Serial  (10) 
presumably  occurred  as  an  apparent 
simultaneous  detonation  of  all  three  shell 
through  the  initial  deflagration/detonation  tran¬ 
sition  of  one  of  the  projectiles  which  then 
detonated  the  two  adjacent  shell.  An  initial  ex¬ 
plosion  on  two  occasions,  Serials  (12)  and  (13), 
did  not  transmit  into  adjacent  shell  and,  in  fact, 
served  in  both  cases  to  throw  a  shell  clear  of  the 
fire. 

Most  of  the  shell  in  these  experiments  were 
fitted  with  heavy  steel  transit  plugs.  These 
allowed  any  pressurisation  in  the  shell  caused 
by  preconditioning  in  the  fire  and  consequent 
ignition/deflagration  to  accelerate  rapidly  to  a 
violent  explosion  or  potential  deflagration/det¬ 
onation  transition.  As  has  been  mentioned, 
early  loss  of  confinement  has  been  demon¬ 
strated  as  a  means  of  reducing  the  explosive- 
ne  js  of  a  system.  It  has  been  anticipated  that 
si  ell  fitted  with  plastic  caps  should  have  pro¬ 
duced  less  violent  events  as  the  caps  would  have 
encouraged  early  confinement  loss.  Evidence  for 
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TABLES 

Deliberate  Detonations 


2m 

— 

Filling: 

Location 

Position  of 
detonation 

Blast-over¬ 
pressure  (bars) 

Result 

Remarks 

49) 

Chorley  CW3 

C 

Base 

Complete 

detonation' 

0.53  at  9.0m 

Plastic  explosive  used  to 
boost 

50) 

Chorley  CW3 

C 

Nose 

Complete 

detonation 

0.49  at  9.0m 

Single  base  fragment 
recovered 

51) 

Chorley  CW3 

C 

Nose 

Complete 

detonation 

0.62  at  9.0m 

— 

52) 

Chorley  CW3 

C 

Noes 

Complete 

detonation 

0.39  at  9.0 

— 

53) 

Chorley  CW3 
Donor: 

2x  Chorley  CW3 
acceptors  at 

95mm  spacing 
on  either  side 

C 

Nose  of 
central  shell 

Complete 
detonation  of 
all  3  shells 

No  record 

Base  fragments  recovered 
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this  effect  is  provided  by  Serial  (8)  where  the 
horizontal  shell  ignited  and  burned  steadily 
without  explosion.  Even  Serial  (4)  resulted  in  an 
explosion  when  the  shell  was  positioned  ver¬ 
tically  with  a  plastic  transit  plug.  However. 
Serial  (11),  while  demonstrating  uniquely  that 
two  of  the  three  shell  ejected  their  transit  plugs 
at  9.0  minutes  and  9.5  minutes,  produced  a 
detonation  indistinguishable  from  the  simul¬ 
taneous  detonation  of  all  three  shell  at  15.8 
minutes.  It  is  presumed  that  the  initial  ignition 
occurred  near  the  base  as  the  shell  were  held 
vertically.  Perhaps  the  particular  configuration 
of  these  shell  provided  confinement  by  the 
wedge  of  explosive  in  the  nose  locking  into  the 
ogive  during  an  ignition/deflagration  origina¬ 
ting  at  the  base.  This  holds  on  the  pressure 
generated  by  the  deflagration  for  sufficient  time 
to  produce  a  transfer  to  detonation  even  when 
the  transit  cap  is  plastic. 

3.2  Shell  subjected  to  torching  from 
adjacent  shell. 

Although  relatively  few  torching  experiments 
have  been  conducted,  it  is  clear  from  Table  3 
that  torching  produces  low  levels  of  deflagrative 
event  in  the  acceptor  munitions.  None  of  the 
events  produced  were  approaching  the  degree 
of  violence  observed  in  the  pallet  fire  experi¬ 
ments.  Serials  (14)  -  (21)  are  further  evidence  of 
the  vital  role  of  confinement  on  the  explo¬ 
siveness  of  the  system.  All  of  the  shell  burned 
out  completely  taking  between  half  to  one  hour. 
The  deflagration,  while  non-explosive,  was  a 
vigorous  reaction  with  flame  jetting  from  the 
nose  for  up  to  a  metre. 

The  experiments  conducted  with  acceptor 
munitions  show  a  close  correlation  between  the 
thickness  of  the  casing  on  which  the  torching 
was  applied  and  the  time  for  an  event  to  occur. 
The  thinner  the  casing,  the  more  rapid  was  the 
onset  of  deflagration.  The  ignition  times  of  less 
than  a  minute  for  the  torching  experiments  on 
the  ogive  are  also  an  indication  of  the  intensity 
of  the  flame.  Thermocouple  readings  were  not 
made  during  these  experiments  but  the  record 
from  Serial  (8)  from  the  previous  experiments 
showed  temperatures  between  500-600  °C  for 
the  skin  temperature  of  a  shell  that  burned  out 
steadily  without  explosion.  Although  all  of  the 
explosive  events  generated  by  torching  were 
relatively  mild  explosive  deflagrations,  there  is 


still  a  trend  demonstrating  that  the  confinement 
at  the  ignition  point  controls  the  violence  of  the 
event  and  hence  the  explosiveness  of  the  system. 
Ignition  at  the  ogive,  with  5mm  thick  walls, 
resulted  in  recovery  of  most  of  the  rear  of  the 
shell  intact,  complete  with  explosive.  Ignition 
directly  into  the  base,  where  the  wall  thickness 
is  30mm,  resulted  in  a  disruptive  event. 

The  role  of  the  transit  plug  in  maintaining  or 
releasing  the  confinement  on  the  burning  reac¬ 
tion  is  again  shown  in  Serial  (25),  where  the 
plugged  acceptor  exploded  while  the  unplugged 
shell  burned  steadily  without  explosion.  How¬ 
ever,  Serials  (23)  and  (24),  where  identical  shell 
were  torched  on  the  thin  wall  of  the  ogive,  pro¬ 
duced  similar  results  in  very  similar  timescales 
despite  the  fact  that  one  was  plugged  and  the 
other  was  not.  For  the  unplugged  shell  to  have 
produced  an  explosive  deflagration  at  all  rein¬ 
forces  further  the  theory  postulated  in  3.2  that 
the  geometry  of  the  ogive  provides  confinement. 
The  wedge  of  explosive  in  the  nose  would  seem 
to  lock  against  the  shell  wall  forming  a  gas-tight 
seal  following  the  ignition/deflagration  at  the  ex- 
plosive/shell  wall  interface. 

3.3  Deflagrations  induced  in  155m  shell  at 
ambient 

The  results  of  deflagrations  induced  with  shell 
at  ambient  temperatures,  Table  4,  show  a  whole 
range  of  events  from  mild  explosive  deflagra¬ 
tions  to  apparent  detonations.  Experiments  with 
single  shell  again  show  a  strong  correlation  be¬ 
tween  the  violence  of  the  event  and  the  position 
that  the  ignition  originated.  Base  ignitions  pro¬ 
duced  the  most  violent  events  as  the  base  is  sur¬ 
rounded  by  the  greatest  thickness  of  metal  and 
hence  has  the  highest  level  of  confinement.  The 
deflagration  reaction  therefore  has  the  maximum 
opportunity  to  accelerate.  Ignitions  at  the  nose 
of  the  projectile  have  thinner  walls  to  confine  the 
resulting  deflagration.  The  reaction  is  also  in 
close  proximity  to  the  transit  plug  which  soon 
releases  from  the  threads  of  the  shell  further 
removing  confinement.  The  rapid  reduction  in 
the  confinement  causes  consequent  collapse  of 
the  acceleration  of  the  burning  reaction.  The 
blast  overpressure  measurements  provide  some 
indication  of  the  violence  of  the  event  originating 
from  an  ignition  but  it  is  perhaps  an  over¬ 
simplification  to  equate  the  measurement  of  high 
overpressure  alone  as  proof  of  detonation. 
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As  has  been  mentioned  in  section  3.1, 
RDX/TNT  60/40  has  been  measured  as 
deflagrating  at  a  rate  in  the  order  of  1,400m  s-1 
over  a  500mm  confined  run.  These  155mm  pro¬ 
jectiles  have  an  explosive  length  of  640mm. 
Therefore  it  would  seem  possible  that  deflagra¬ 
tion  reactions  alone  could  produce  substantial 
overpressure  readings  from  the  explosive  in 
these  projectiles.  An  event  has  only  been  term¬ 
ed  a  detonation  when  there  was  confirmatory 
evidence,  e.g.  there  was  no  residue  of  explosive, 
a  crater  was  produced  and  any  fragments  were 
small,  jagged  and  blued. 

Previous  RARDE  experiments  to  examine  the 
deflagration  characteristics  of  explosives  have 
used  a  variety  of  explosive  loadings  and 
geometries.  The  largest  Burning  Tube  used 
routinely  was  a  cylindrical  charge  750mm  long 
with  internal  diameter  100mm  with  mild  steel 
walls  of  12.7mm  thickness  (1).  This  contained 
about  10kg  of  RDX/TNT  60/40  and  propor¬ 
tionate  weights  of  other  explosives  dependent 
upon  their  densities.  The  results  with 
RDX/TNT  60/40  showed  it  to  be  high  in  the  ex¬ 
plosiveness  ranking  order  producing  an  average 
of  20  fragments  and  5%  of  unconsumed  ex¬ 
plosive.  CW3  appeared  in  the  next  highest 
category  with  15  fragments  on  average  and 
25%  unconsumed  explosive.  In  neither  series 
was  an  observed  explosive  reaction  positively 
identifiable  as  a  detonation.  Explosive  residue 
was  found  after  each  experiment  and  the  tube 
fragments  were  unthinned  and  showed  burst 
fractures.  However,  there  was  no  attempt  made 
to  monitor  blast  overpressure  neither  was  there 
any  means  available  for  the  assessment  of  frag¬ 
ment  velocities. 

The  shell  used  in  the  present  experiments 
were  made  of  higher  grade-  steel  than  the  mild 
steel  used  in  the  RARDE  Burning  Tube  tests. 
They  would  have  therefore  provided  confine¬ 
ment  to  the  burning  reaction  for  a  longer  period 
before  case  rupture  and  loss  in  confinement.  The 
geometry  of  the  shell  may  have  also  afforded 
additional  confinement  (qv  para.  3.1)  although 
some  parts  of  the  shell  walls  were  thinner  than 
the  12.7mm  thick  walls  of  the  burning  tube.  For 
whatever  reason,  Serial  (31)  seems  to  have  pro¬ 
duced  a  deflagration/detonation  transition  bas¬ 
ed  upon  the  blast  overpressure,  the  lack  of  ex¬ 
plosive  residue  and  the  extensive  fragmenta¬ 
tion.  However,  none  of  the  other  4  base  ignited 


single  shell  seem  to  have  done  so. 

It  is  reasonable  to  assume  from  Serial  (53)  and 
other  work  on  vulnerability,  that  the  detonation 
of  one  155mm  shell  causes  the  detonation  of 
other  shell  which  are  directly  adjacent  and 
hence  could  lead  to  a  potential  mass  detonation 
in  an  area  where  shell  are  stored  or  worked  upon 
in  close  proximity  to  one  another.  Serials  (36) 
and  (37),  where  two  CW3  acceptor  shell  ap¬ 
parently  detonated  from  the  reaction  induced 
in  a  base-ignited  CW3  projectile  are  more  dif¬ 
ficult  to  explain.  CW3  has  been  shown  to  exhibit 
a  slightly  lower  level  of  explosiveness  than 
RDX/TNT  60/40  in  the  large-scale  RARDE 
Burning  Tube.  Since  there  is  also  no  evidence 
of  deflagration/detonation  transition  in  any  of 
the  base-ignited  single  shell  filled  CW3,  it  is 
postulated  that  some  other  mechanism  was 
operating.  Many  of  the  acceptor  shell  from  the 
other  base-ignition  trials  showed  fragment 
damage  as  a  result  of  a  violent  deflagration  of 
the  donor.  It  may  have  been  possible  for  a 
violent  deflagration  from  a  CW3  or  RDX/TNT 
60/40  loaded  projectile  to  produce  fragments 
with  sufficient  kinetic  energy  to  cause  detona¬ 
tions  in  adjacent  acceptors.  Fragment  attack 
data  from  other  experiments  (3)  have  shown 
that  confined  Composition  B  can  be  shock- 
initiated  by  fragments  travelling  at  a  velocity 
of  1,930m  s~‘.  Experiments  in  the  RARDE 
Fragment  Attack  test  (4)  show  velocities  of 
1,250m  s~‘  for  the  onset  of  detonation  in  UK 
RDX/TNT  60/40  Type  A.  Other  workers  have 
placed  the  velocity  for  a  projectile  attacking 
confined  RDX/TNT  to  produce  detonation  as 
low  as  1,000m  s'1  (5).  Whatever  the  true  value, 
these  velocities  are  not  impossible  values  for 
fragments  from  a  violently  deflagrating  muni¬ 
tion.  Perhaps  the  mechanism  operating  in 
Serials  (36)  and  (37)  is  shock-initiation  of  the  ac¬ 
ceptors  from  projectiles  propelled  by  the  ex¬ 
plosive  deflagration  of  the  donor.  Any  evidence 
of  the  initial  deflagrative  reaction  could  well  be 
obscured  by  the  fragments  and  explosive  effects 
from  the  detonating  acceptors  initiating  any  un¬ 
consumed  explosive  remaining  in  the  donor.  The 
onset  of  such  a  ‘knock-on’  effect  from  an  initial 
base-originating  deflagration  is  obviously  far 
from  a  foregone  conclusion.  The  majority  of  the 
tests  carried  out  showed  that  an  initial 
deflagrative  reaction  produced  a  lower  level  of 
event  in  adjacent  munitions.  The  trend  was 
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therefore  towards  explosive  events  that  would 
fade  out  rather  than  precipitate  a  mass 
detonation. 

4.  THE  USE  OF  LOWER  EXPLOSIVENESS 
MATERIALS  TO  IMPROVE  SAFETY 

The  experiments  described  in  the  foregoing 
sections  have  demonstrated  that  both  types  of 
accidental  event  —  mass  detonation  and  localis¬ 
ed  explosion  —  can  originate  from  an  initial  ig¬ 
nition.  In  the  past,  the  emphasis  on  preventing 
such  events  has  centered  on  the  maintenance 
of  safe  practices  and  ensuring  that  the  ex¬ 
plosives  being  used  are  insensitive  to  the  stimuli 
encountered  during  manufacture.  These  ex¬ 
periments  suggest  that  this  may  not  always  be 
enough. 

Safe  practices  must  always  be  the  keystone 
of  safety.  They  ensure  that  the  risks  of  ex¬ 
plosive  stores  being  subjected  to  hazard- 
creating  stimuli  are  minimised.  The  use  of  in¬ 
sensitive  explosives  is  also  essential  to  ensure 
that  the  inception  of  an  accidental  event  is 
unlikely  unless  considerable  amounts  of  energy 
are  applied  to  the  store.  However,  it  is  only 
recently  that  attention  has  been  focused  on 
mitigating  the  effects  of  an  event  from  the  point 
of  view  of  the  explosiveness  of  the  explosive  for¬ 
mulation.  Concern  with  the  consequences  of  an 
accidental  ignition  can  mean  the  difference  bet¬ 
ween  localised  minor  events  and  mass 
detonation. 

The  RARDE  Burning  Tube  test  (1)  has 
demonstrated  that  it  is  possible  to  select  ex¬ 
plosives  which  exhibit  low  explosiveness  in  a 
wide  variety  of  accident  scenarios  with  no  loss 
of  detonative  performance.  These  explosives 
show  a  marked  reluctance  to  deflagrate  violent¬ 
ly  from  an  ignition  and  yet  will  detonate  suc¬ 
cessfully  from  an  adequate  shock  input.  Low  ex¬ 
plosiveness  materials  are  characterised  by 
minimal  fragmentation  in  the  Burning  Tube 
test  and  large  quantities  of  explosive  residue  re¬ 
maining  after  the  test.  Such  behaviour  in  the 
accident  scenarios  investigated  in  these  experi¬ 
ments  can  only  lead  to  minor  explosive  events 
and  interruption  of  the  explosive  train  leading 
to  mass  detonation.  In  experiments  with  the 
large-scale  RARDE  Burning  Tubes,  it  was  often 
possible  to  use  fragile  photo-Rood  light  bulbs 


placed  in  close  proximity  to  events  induced  with 
10kg  confined  charges  of  materials  exhibiting 
low  explosiveness.  If  these  bulbs  could  survive 
less  than  0.5m  from  such  explosive  events,  then 
certainly  so  could  other  munitions. 

Experiments  have  been  conducted  to  demon¬ 
strate  that  low'  explosiveness  munition  fillings 
will  produce  low  levels  of  explosive  event  in  ad¬ 
jacent  stores.  155mm  shell  were  filled  with 
Plastic  Explosive  PE4  and  base  ignitions  were 
induced.  The  resulting  events  produced  little 
fragmentation  of  the  donor  and  had  no  effect 
on  adjacent  acceptors  placed  90mm  away. 

Additional  experimental  data  have  shown 
that  test  vehicles  filled  with  low  explosiveness 
formulations  are  more  resistant  to  fragment  at¬ 
tack  than  materials  exhibiting  high  explosive¬ 
ness  (4).  In  consequence,  munitions  filled  with 
low  explosiveness  materials  subjected  to  the 
‘knock-on’  stimulus  postulated  in  this  paper, 
would  be  more  resistant  to  the  production  of 
violent  events  than  the  compositions  in  com¬ 
mon  use  at  the  moment.  Previous  work  has 
shown  that  fewer  explosive  formulations  are  im¬ 
mune  to  a  fuel  or  pallet  fire.  The  initial  condi¬ 
tioning  afforded  by  heating  the  explosive  seems 
to  increase  the  explosiveness  of  many  systems 
over  that  observed  at  ambient  (1).  However, 
there  are  considerable  data  to  suggest  that 
most  aluminised  compositions  and  certain 
plastic-bonded  explosives  can  survive  the  rig¬ 
ours  of  a  fuel  fire  and  not  be  brought  to  detona¬ 
tion.  The  designed-in  reduction  in  the  ex¬ 
plosiveness  of  a  munition  filling  provides 
bonuses  in  areas  of  the  munition’s  life  other 
than  its  manufacture.  Low  explosiveness  stores 
will  produce  less  damaging  accidental  events  in 
service  use.  The  consequences  of  premature  ex¬ 
plosions  in  gun-launched  projectiles,  the  cook¬ 
off  of  munitions  in  hot  guns  and  fuel  fires,  and 
even  vulnerability  of  munitions  to  fragment  at¬ 
tack  are  all  related  to  the  explosiveness  of  the 
store.  Low  explosiveness  fillings  for  munitions 
provide  an  added  safeguard  to  the  use  of  insen¬ 
sitive  explosive  materials. 

5.  CONCLUSIONS 

Experiments  have  been  conducted  to  investi¬ 
gate  the  behaviour  of  munitions  subjected  to  ac¬ 
cidental  stimuli  such  as  pallet  fires  and  torching 
from  adjacent  munitions.  Particular  attention 
was  paid  to  the  potential  for  initial  deflagrative 
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events  in  RDX/TNT  60/40  or  or  C WS-fOIed  shell 
to  lead  to  mass  detonation  of  adjacent  shell  or 
to  produce  merely  a  localised  explosion  of  a 
single  munition.  Pallet  fires  have  been  demon¬ 
strated  as  a  potential  cause  of  mass  detonation, 
localised  explosion  and,  in  the  particular  case 
of  a  lightly  plugged  shell,  a  burning  reaction 
without  explosion.  Torching  experiments  lead 
only  to  explosions.  The  violence  of  the  event  in¬ 
duced  by  torching  is  closely  allied  to  the 
position  the  donor  torches  onto  the  acceptor. 
Torching  towards  the  nose  produces  a  mild  ex¬ 
plosion;  towards  the  base  a  more  violent 
explosion. 


Other  experiments  have  reproduced  acciden¬ 
tal  ignitions  in  these  muniton  fillings  at  ambient 
temperatures.  The  resulting  deflagrations  have 
produced  an  apparent  deflagration/detonation 
transition  in  one  case  but  more  routinely  pro¬ 
duced  explosions  which  did  not  communicate 
detonation  to  adjacent  stores.  There  is  some 
indication  that  detonation  can  be  induced  in  ad¬ 
jacent  shell  from  fragment  impact  from  a  vio¬ 
lently  deflagrating  donor  shell.  The  introduction 
of  explosives  exhibiting  lower  levels  of  explo¬ 
siveness  could  potentially  improve  safety  in  two 
ways.  Explosive  effects  in  munitions  in  which 
accidental  deflagrative  events  originated  would 


produce  fewerand  slower  fragments  and  the  ac¬ 
ceptor  munitions  would  be  more  resistant  to 
fragment  attack.  The  RARDE  Burning  Tube 
test  and  RARDE  Small-Scale  Fuel  Fire  test 
have  identified  several  explosives  which  exhibit 
low  explosiveness  in  these  accident  scenarios. 
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An  instrumented  card  gap  test  which  is  useful  for  investigating  the 
response  of  explosives  to  low  pressure,  long  duration  shock  stimuli 
has  been  developed The  test  was  designed  to  screen  for  an  explosive's 
(or propellant’s)  propensity  to  detonate  or  react  violently  as  result 
of  shock  induced  sympathetic  detonation  of  large  ordnance  such  as 
general  purpose  bombs.  Both  donor  and  acceptor  are  encased  in  an 
8  in.  outside  diameter  by  0.3&in  wall  steel  pipe.  The  donor  is  Com¬ 
positions,  one-diameter  long,  and  point-initiated  on  axis.  Acceptors 
are  two  diameters  long.  Typically,  both  donor  and  acceptor  tubes  are 
closed  with  0.50-in.  thick  steel  end  plates.  Plexiglass,  of  varying 
thickness,  and  steel  end  plates  are  used  to  control  the  shock  amplitude 
transmitted  into  the  acceptor.  The  acceptor  is  instrumented  with 
piezoelectric  time  of  arrival  pins.  The  assembly  rests  on  a  vee-groove 
wood  block  which  rests  on  a  1-in.  thick  armor  plate;  the  armor  plate 
serves  as  a  fragment  witness.  Hydrocode  calculations  were  perform¬ 
ed  to  describe  input  pressure  profile  as  a  function  of  gap  thickness 
and  configuration.  The  calculations  show  that  the  end  plates  result 
in  significantly  longer  pressure  durations  and  lower  peak  pressures 
than  other  gap  tests,  and  in  a  more  realistic  mock  of  the  shock  loading 
experienced  in  large  ordnance  sympathetic  detonation  experiments. 
Results  presented  includes  data  for  tritonal,  Composition  B, 
TNT/WAX,  and  TNT/NQ/WAX.  The  range  of  pressures  resulting  in 
transition  to  detonation  for  different  explosives  is  narrower  for  this 
test  than  that  measured  in  experiments  such  as  the  NOL  LSGT.  The 
instrumentation  used  permits  a  determination  of  detonation  veloci¬ 
ty  as  well  as  distance  required  to  run  up  to  detonation  as  a  function 
of  input  shock  strength. 


INTRODUCTION 

The  storage  of  large  quantities  of  high  ex¬ 
plosives  presents  a  unique  engineering  problem 
from  the  point  of  view  of  the  safety  engineer  (3). 
One  aspect  of  understanding  the  potential 
hazard  associated  with  explosive  storage  is  the 
characterization  of  the  shock  sensitivity  of  the 
material  of  interest  In  situations  where  large 
charges  (100-1000  kg)  are  stored  in  near  proximi¬ 
ty,  the  conditions  under  which  adjacent  charges 
undergo  sympathetic  detonation  might  be  signif¬ 
icantly  different  than  those  determined  from 
small  scale  experiments.  The  ixperimental 
techniques  in  this  paper  address  this  problem. 


The  scale  of  the  experiment  provides  for 
characterization  of  explosive  response  to  large 
amplitude  long  duration  pressure  pulses.  A 
number  of  similar  experimental  techniques  are 
used  to  measure  the  response  of  explosives  and 
propellants  to  pressure  pulses  (1).  The  technique 
presented  in  this  paper  is  distinguished  from 
previous  techniques  by  the  long  duration  pulse 
which  is  the  result  of  the  relatively  large  scale 
of  the  experiment. 

Several  investigators  have  addressed  the  rela¬ 
tionship  between  amplitude  and  duration  of  the 
applied  shock  as  it  applies  to  determining  shock 
sensitivity  of  explosives  (2,  3).  The  present 
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technique,  however,  provides  loads  of  duration 
10-40  microseconds  as  opposed  to  1-10 
microseconds  usually  discussed. 

In  addition  to  the  long  duration  nature  of  the 
shock  structure  used  in  the  experiment,  the  wave 
structure  is  modified  by  impedance  discon¬ 
tinuities  between  the  donor  charge  and  the  ac¬ 
ceptor  charge.  There  has  been  no  attempt  to 
specifically  tailor  the  wave  shape  using  this  ap¬ 
proach  but  rather  to  simply  model  in  the  experi¬ 
ment  the  wave  structure  representative  of  the 
problem  posed  by  two  adjacent  steel  encased 
charges.  This  problem  provides  data  which  ap¬ 
plies  directly  to  the  storage  of  large  unitary 
weapons  such  as  the  Mark  80  series  of  conven¬ 
tional  general  purpose  bombs. 

An  investigation  of  shock  sensitivity  seeks  to 
determine  the  minimum  input  (a  limiting  shock 
strength)  that  will  produce  steady-state  detona¬ 
tion  in  an  explosive.  Steady-state  detonation  can 
occur  only  when  chemical  energy  released  in 
reaction  continually  restores  energy  loss  by  the 
shock  wave  through  dissipation  into  internal  and 
kinetic  energy  loss  to  the  media.  If  an  initial 
shock  strength  is  greater  than  the  steady-state 
detonation  strength,  the  energy  supplied 
through  chemical  reaction  is  insufficient  to  main¬ 
tain  such  strength  and  the  wave  decelerates  to 
the  steady-state  or  Chapman-Jouguet  (CJ) 
detonation.  On  the  other  hand  if  the  initial  shock 
strength  is  less  than  that  of  the  CJ  wave,  the 
chemical  energy  supplied  may  not  be  sufficient 
to  accelerate  the  shock  wave  to  steady-state 
detonation.  A  limiting  initial  shock  strength  does 
exist  that  although  weaker  than  the  CJ  wave  is 
still  strong  enough  to  be  boosted  into  detonation 
by  the  energy  of  chemical  reaction.  This  limiting 
shock  strength  is  an  important  experimental 
point  in  the  definition  of  an  explosive’s  shock 
sensivity. 

A  simple  method  for  determining  the  shock 
sensitivity  of  an  explosive  is  the  Naval  Ordnance 
Laboratory’s  (NOL)  gap  test.  The  NOL  gap  test 
consists  of  a  2-in.  by  2-in.  cylinder  of  pressed 
tetryl  to  supply  an  initial  shock  through  a 
variable  Lucite  gap  to  a  moderately  confined  ac¬ 
ceptor  charge  (1.437-in.  diameter  by  5.5-in. 
length).  “Go,  no-go”  is  determined  by  a  hole 
punched  through  a  3/8-in  thick  mild  steel  witness 
plate  on  the  end  of  the  acceptor.  By  adding 
thickness  to  the  Lucite  cards,  the  shock  can  be 
attenuated  and  thus  a  limiting  shock  for  deto¬ 


nation  can  be  determined. 

The  shock  sensitivity  of  an  explosive  relates 
directly  to  questions  of  safety  in  the  handling, 
transporting  and  storing  of  munitions.  The  scale 
of  munitions,  however,  is  much  greater  than  the 
scale  of  the  NOL  large  scale  gap  test.  A  MK-82 
bomb,  for  example,  has  a  diameter  of  10.75-in. 
and  contains  about  200  lbs  of  explosive.  The 
NOL  gap  test  with  a  scale  of  1.4-in  diameter  and 
less  than  Vi  lb  of  explosive  is  inappropriate  to 
study  shock  sensitivity  in  large  munitions.  A 
major  difference  is  the  time  dependent  signature 
of  the  pressure  pulse  transmitted  in  these  two 
environments.  In  order  to  measure  shock  sen¬ 
sitivity  as  it  applies  to  the  safety  of  large  muni¬ 
tions,  an  eight-inch  diameter,  super  large  scale 
g?.p  test  was  devised  which  models  the  pressure¬ 
time  pulse  transmission  of  a  detonating  MK-82 
to  its  nearest  neighbor  in  a  storage 
configuration. 

The  set-up  of  the  super  gap  test  is  shown  in 
Figs.  1  and  2.  The  donor  charge  in  this  test  is 
a  7. 15-in.  diameter  by  8-in.  long  Composition-B 
cylinder  confined  by  a  0.35-in.  thick  steel  case 
around  the  charge  and  0.5-in.  steel  plates  on  both 
ends.  The  donor  charge  is  initiated  with  an  RP-2 
EBW  detonator  boosted  with  a  1-in.  by  1-in 
Composition  A-5  pellet  (Fig.3).  Polymethylmeth¬ 
acrylate  (PMMA)  cards  are  used  to  attenuate  the 
input  shock.  These  cards  are  disks  8-in.  in 
diameter  and  either  one  or  two  inches  thick  and 
are  stacked  to  various  thicknesses  behind  the 
donor  charge.  The  acceptor  charge  is  7.15-in.  in 
diameter  and  16-in.  long  and  confined  by  a 
0.35-in.  thick  steel  case  and  two  0.5-in.  steel  end 
plates. 

The  6-ft  by  3-ft  by  1-in.  rolled  homogeneous 
armor  (RHA)  witness  plate  is  not  placed  on  the 
end  of  the  acceptor  as  in  the  NOL  gap  test  but 
is  placed  parallel  to  the  length  of  the  charges  at 
a  6.75-in.  stand-off  from  the  centerline.  This 
stand-off  is  maintained  by  a  slotted  “two-by- 
four”  assembly  which  holds  the  charges  and 
PMMA  cards  in  place  on  top  of  the  witness 
plate.  The  wood  also  supplies  protection  to  the 
witness  plate  to  prevent  casing  fragments  from 
penetrating  the  plate.  Sand  bags  positioned 
around  the  test  set-up  further  protects  the 
witness  plate  and  more  importantly  protects  the 
surrounding  area.  Fragments,  however,  do  mark 
the  plate  on  angles  not  covered  by  the  wood  and 
sand  bags.  The  position  of  the  fragment  mark- 
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ings  can  be  used  to  determine  a  distance  of  run 
for  the  test  as  well  as  “go,  no-go”.  Figures  4  and 
5  show  the  typical  fragment  markings  found  on 
a  witness  plate. 

During  reaction,  a  portion  of  the  acceptor  cas¬ 
ing  along  the  length  of  the  charge  is  accelerated 
into  the  two  by  four  stand  resulting  in  a  soft 
catch  of  a  large  fragment  —  in  reality  a  strip  off 
the  acceptor  can  (Fig.  6).  This  fragment  also 
maps  the  history  of  detonation  in  the  charge. 
Adiabatic  shear  in  the  casing  is  witnessed  on  the 
strip  when  detonation  is  reached.  The  markings 
on  this  fragment  corresponds  well  with  markings 
on  the  witness  plate. 
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Fig.  1.  Set-up  of  the  super  gap  test 


In  order  to  further  define  the  detonation 
velocity  and  run  distance  to  detonation, 
piezoelectric  pins  (Dynasen  Inc.,  CA-1136)  are  in¬ 
serted  tlirough  the  acceptor  casing  into  the  ex¬ 
plosive.  These  pins,  3/32-in.  in  diameter  and  3-in 
long,  are  inserted  nominally  2-in.  into  the  accep¬ 
tor  explosive  with  approximately  ‘A- in.  remain¬ 
ing  outside  the  casing  to  which  cables  (Dynasen 
Inc.,  C-l  146-2)  are  attached  to  carry  the  signals 
to  recording  instruments.  The  cables  are 
multiplexed  into  a  single  cable  by  means  of  a  cir¬ 
cuit  shown  in  Fig.  7  and  this  cable  is  attached 
to  a  HP5180  transient  digital  recorder.  The 
response  of  the  recorder  being  20  MHz,  signals 
can  be  resolved  within  50  nanoseconds.  As  a 
piezoelectric  pin  is  stressed,  it  produces  an 


Fig.  2.  Set-up  of  the  super  gap  test  (2-inch 
PMMA  gap) 


Fig.  3.  Set-up  of  the  super  gap  test  with  booster 


electrical  charge.  Thus  a  shock  wave  passing 
across  a  pin  would  produce  a  sharp  peak  (typical¬ 
ly  150  ns  rise  time)  from  which  time  of  arrival 
can  be  measured.  The  multiplexing  puts  ail  of 
the  pin  signals  on  one  channel.  Thus  the  time 
between  signals  is  simply  the  time  it  takes  for 
the  shock  wave  to  travel  between  pins.  In  the 
test  set-up,  the  pins  are  spaced  every  2-in.  along 
the  acceptor  charge  with  the  first  pin  being  ‘A-in. 
from  the  forward  explosive  metal  interface. 
Knowing  distance  and  time  of  arrival  for  each 
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Fig.  4.  Description  of  witness  plate  results 

pin,  the  average  wave  velocity  across  the  2-in. 
intervals  can  be  monitored  along  the  length  of 
the  acceptor.  Figure  8  shows  the  output  of  a 
typical  channel  of  eight  piezoelectric  pins.  The 
time  of  arrival  of  the  shock  wave  along  the  ac¬ 
ceptor  is  determined  from  this  data. 


Fig.  5.  Typical  witness  plat  data 


The  data  from  the  pins  can  most  effectively 
be  plotted  as  velocity  versus  distance  along  the 
acceptor.  In  a  detonating  charge,  sufficient  data 
points  may  be  obtained  to  calculate  an  accurate 
detonation  velocity.  Increasing  thickness  of 
PMMA  corresponding  to  weaker  input  shock 
strength  can  be  shown  to  result  in  increased  run 
to  detonation.  Data  from  the  witness  plates  and 
fragment  strips  confirm  such  measurements. 


Fig.  6.  Acceptor  case  fragment 

The  advantage  of  the  super  gap  test  is  its  abili¬ 
ty  to  characterize  run  distance  to  detonation  and 
shock  velocity  along  the  acceptor  length  which 
can  better  define  the  phenomenon  of  “go,  no-go” 
in  the  study  of  shock  sensitivity  and  the  correla¬ 
tion  of  the  test  to  full  scale  munitions  which  can 
prove  more  applicable  to  current  military  utiliza¬ 
tion  and  the  study  of  safe  handling,  transporta¬ 
tion  and  storage  of  weapons. 


Fig.  7.  Circuit  for  multiplexing  piezoelectric  pin 
response 

Data  is  presented  for  a  selection  of  well-known 
explosives  (Composition-B.Tritonal).  Another 
area  of  interest  is  the  formulation  techniques 
which  can  be  used  to  desensitize  the  response. 
Data  is  presented  on  formulations  which  were 
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modified  in  an  attempt  to  desensitize. 
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Fig.  8.  Typical  output  of  piezoelectric  pins 

CALCULATIONS 

The  Hull  hydrocode  was  employed  to  assist  in 
analyzing  the  results  of  the  super  gap  test.  Hull 
is  an  Eulerian  hydrocode  which  solves  the  con¬ 
servation  equations  of  mass,  momentum,  and 
energy.  Hull  has  an  extensive  material  library 
which  allowed  for  easy  modification  of  existing 
material  properties  to  model  explosives  and 
PMMA.  The  JWL  (Jones-Wilkens-Lee)  equation 
of  state  was  used  for  the  detonation  products 
and  the  Mie-Gruneisen  equation  of  state  for  the 
steel,  PMMA  and  unreacted  explosive.  Hull  does 
not  currently  have  the  capability  to  shock  in¬ 
itiate  explosives  so  the  objectives  of  the  com¬ 
puter  analysis  were  to  determine  peak  pressure, 
positive  pulse  duration,  and  time  of  arrival  of  the 
peak  pulse  in  the  acceptor  charge. 

The  following  is  a  list  of  some  of  the  impor¬ 
tant  properties  used  in  the  Hull  Material  Model 
code  for  PMMA  and  one  developmental  ex¬ 
plosive  used  in  the  study,  ethylene  diamine 
dinitrate,  ammonium  nitrate,  and  potassium 
nitrate  (EAK): 


MATERIAL 

SOUND 

SPEED 

DENSITY 

(gm/cm3) 

SLOPE 

(cm/sec) 

(W 

EAK 

2.657E5 

1.61 

1.796 

PMMA 

2.71E5 

1.17 

1.48 

The  data  for  EAK  was  taken  from  a  report 
published  by  Los  Almos.  Due  to  a  lack  of  time, 
no  in-house  experiments  were  specifically  per¬ 
formed  to  check  the  above  properties,  however, 


since  the  peak  arrival  time  calculated  by  Hull 
agreed  fairly  well  (within  5%  of  the  recorded  data 
for  undetonated  EAK),  the  material  properties 
were  not  changed  throughout  the  calculational 
series. 

A  representative  calculational  model  is  shown 
in  Fig.  9.  The  calculation  was  performed  in  2D 
with  cylindrical  coordinates.  The  cell  size  was 
.2x.2  cm2.  Constant  rezoning  was  employed  to 
help  track  the  wave  front  and  ensure  material 
interfaces  were  well  preserved.  Due  to  the  sim¬ 
ple  model  under  consideration,  a  programmed 
burn  with  point  initiation  was  used.  Data  collec¬ 
tion  stations  were  placed  in  the  donor  to  ensure 
wave  velocity  and  pressure  were  at  the  CJ  point. 
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Fig.  9.  Computational  model  of  super  gap  test 
with  EAK  acceptor 

The  results  of  the  calculations  are  shown  in 
Fig.  10.  The  graph  depicts  the  pressure  cal¬ 
culated  one-half  inch  into  the  EAK  acceptor  on 
the  centerline.  A  simple  P—KJR  equation  was  us¬ 
ed  to  curve  fit  the  points.  (P=pressure, 
K= constant,  R=thickness  of  PMMA).  Natural¬ 
ly,  due  to  the  reflections  at  the  interfaces,  this 
model  only  grossly  approximates  the  curve  and 
is  at  best  only  valid  for  the  range  under 
consideration. 

Figure  1 1  is  a  model  of  the  NOL  card  gap  te3t 
(a  pentolite  donor  models  the  tetryl  donor) 
which  was  calculated  to  check  the  veracity  of 
the  Hull  results.  Figure  12  is  a  curve  taken  from 
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AMCP  706-180  which  plots  shock  pressure  as 
a  function  of  gap  thickness  recorded  from 
various  NOL  gap  tests.  The  circles  on  the  curve 
are  the  results  of  the  HULL  calculation  of  the 
same  event.  Some  deviation  occurs  as  the 
thickness  of  the  lucite  increases  beyond  40mm 
but  overall  the  comparison  is  very  good. 

SO, 


oJ - - - - — - . - - - - - - - , - - 
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Thickness  o i  PUMA  Interstitial  (Inches) 

Fig.  10.  Centerline  pressure  pulse  of  EAK  ac¬ 
ceptor  (A "  into  EAK) 


at  which  time  an  inflection  point  is  reached  and 
the  decay  is  moderated.  However,  with  end- 
plates,  the  pressure  decays  much  slower  and  if 
an  inflection  point  exists,  it  occurs  between  zero 
and  one  inch.  Also  the  positive  pulse  duration 
of  the  transmitted  pulse  is  longer  with  end- 
plates  than  without. 


hi 


Fig.  11.  Computational  model  of  NOL  gap  test 

Calculations  were  performed  to  describe  input 
pressure  to  the  acceptor  as  a  function  of  gap 
thickness  (Fig.  13).  These  calculations  were  per¬ 
formed  to  enable  clarification  of  the  function  of 
the  endplates  of  the  charges  in  the  role  as  shock 
attenuators.  As  can  be  seen,  without  endplates 
the  pressure  pulse  decays  rapidly  until  approxi¬ 
mately  4  inches  of  PMMA  have  been  traversed, 


Fig.  12.  Shock  wave  pressure  at  the  end  of  the 
lucite  gap  in  the  NOL  gap  test 

Calculations  of  transmitted  impulse  were  also 
performed  with  and  without  endplates  and  the 
results  plotted  in  Fig.  14.  The  graph  depicts 
specific  impulse  plotted  as  a  function  of 
pressure.  Note  that  the  same  impulse  may  be 
arrived  at  with  two  different  peak  pressures. 
This  results  from  the  attenuation  ability  of  the 
endplates.  Since, 

I  =  /  wt 

the  conclusion  to  be  drawn  is  that  the  positive 
pulse  duration  of  the  pressure  spike  is  greater 
with  endplates  than  without.  This  supports  the 
P2-t  function  which  has  been  used  for  some 
time  to  approximate  shock  initiation  criterion. 

TEST  RESULTS 

To  verify  the  utility  of  the  super  gap  test,  a 
series  of  baseline  shots  was  accomplished  with 
Composition-B  acceptors.  Figure  15  plots  the 
time  of  arrival  (TOA)  of  the  shock  wave 
pressure  peak  at  various  locations  along  the  ac¬ 
ceptor  where  piezoelectric  pins  are  positioned. 
The  first  shot  was  set-up  with  a  gap  of  6-in. 
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°  WITH  ENbPLATES 


DISTANCE  FROM  PMMA  INTERFACE  (IN) 

Fig.  13.  Shock  wave  pressure  at  the  end  of  the 
PMMA  gap  in  the  super  gap  test 

O  6"  PMMA  -  no  endplates 
'A '  from  interface 


Fig.  14.  Pressure  vs.  impulse  for  acceptor 
charges  with  and  without  endplates 

PMMA  between  the  donor  and  acceptor 
charges,  corresponding  to  a  14  kbar  input  shock 
to  the  acceptor  charge  from  calculations.  The 
linear  slope  of  the  TOA  vs  distance  curve 
reveals  that  a  stable  detonation  velocity  is 
reached  early  in  the  charge.  A  plot  of  the  slope 
of  the  curves  (Ax/At)  shown  in  Fig.  16  further 
defines  the  shock  wave  velocity  in  the  acceptor. 
In  the  6-in.  PMMA  gap  test,  the  shock  wave 
reaches  detonation  velocity  within  four  inches 
of  run.  The  witness  plate  for  this  shot  confirmed 
the  four  inch  run  to  detonation.  An  8-in.  PMMA 
gap  is  then  shot  to  define  a  “no-go"  point.  The 


slower  response  time  and  the  velocity  decay  of 
this  shot  defines  no  detonation  of  the  acceptor 
which  is  again  confirmed  with  data  from  the 
witness  plate  and  fragments.  A  7-in.  PMMA 
gap  also  produces  a  “go”  with  a  run  of  five  in¬ 
ches  to  detonation.  A  9-in.  PMMA  gap  with  the 
endplates  of  the  charges  removed  gives  a  peak 
pressure  comparable  to  the  7-in.  gap  but  with 
a  differing  impulse  according  to  calculations. 
The  pin  data  reveals  a  rise  to  detonation  of  2.5 
inches  and  gives  good  data  points  to  determine 
a  value  for  detonation  velocity.  Eighteen  points 
from  the  tests  for  detonating  Comp-B  are 
available  to  calculate  a  detonation  velocity  of 
7.91  mm/fis  with  a  standard  deviation  of  0.17 
mm/fis. 
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Fig.  15.  I'ime  of  arrival  vs.  distancee  along 
acceptor  for  Composition-B 


COMP-B 


DISTANCE  VS  VELOCITY  6'  PMMA 


Fig.  16.  Velocity  vs.  distance  along  acceptor 
for  Composition-B 

Baseline  tritonal  acceptors  were  also  shot  in 
the  super  gap  test  configuration  (Fig.  17). 
Because  of  hardware  constraints,  half-length 
(8-inch)  acceptors  were  used  in  tests  with  4*in. 
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Fig.  17.  Velocity  us.  distance  along  acceptor 
for  tritonal 

PMMA  and  7-in.  PMMA  gaps.  The  4-in. 
PMMA  gap  produced  a  "go”  rising  to  6.9 
mm/us  in  5.5  inches  and  the  7-in.  PMMA  gap 
resulted  in  a  "no-go”.  A  shot  with  a  5-in.  gap 
reached  detonation  with  a  9.5  inch  run.  An  ad¬ 
ditional  shot  was  accomplished  at  a  6-in. 
PMMA  gap  which  although  tending  to  rise  to 
detonation  still  resulted  in  a  "no-go”.  The 
detonation  velocity  for  tritonal  was  measured 
at  6.85  ±  0.04  mm/ps  in  these  tests. 

A  series  of  shots  of  the  super  gap  test  with 
a  TNT/5%-wax  acceptor  also  illustrates  the 
characteristics  of  the  results  of  the  piezoelectric 
pin  data.  Figure  18  shows  the  plot  of  velocity 
versus  distance  along  the  acceptor  for  this 
series  of  shots.  The  first  shot  was  set-up  with 
a  gap  of  6-in.  PMMA  between  the  donor  and  ac¬ 
ceptor  charges  corresponding  to  14  kbar  input 
shock  from  calculations.  The  shock  enters  the 
acceptor  at  2.5  mm/ps  but  quickly  decelerates 
producing  a  “no-go”.  A  5-in.  PMMA  gap  (18 
kbar)  is  a  “go”  for  the  acceptor  though  detona¬ 
tion  does  not  occur  until  after  a  run  of  1 1.1-in. 
The  shock  velocity  remains  under  3  mm/ps  for 
8-in.  before  beginning  to  rise  to  the  detonation 
velocity.  A  4-in.  PMMA  gap  (24  kbar)  results 
in  an  even  shorter  run  to  detonation  (6.3-in.)  and 
a  2-in.  PMMA  gap  (42  kbar)  produces  an  almost 
immediate  rise  to  detonation  in  only  3.5-in. 
for  TNT/35%-NQ/5%  wax.  Witness  plate  mark¬ 
ings  for  all  of  these  shots  confirm  measurements 
of  distance  of  run  to  detonation.  The  pin  data 
also  infers  a  constant  detonation  velocity  for  the 
acceptor.  An  analysis  of  thirteen  data  points 
from  all  shots  where  the  acceptor  is  detonating 


reveals  a  mean  detonation  velocity  of  6.75 
mm/us  with  a  standard  deviation  of  0.09  mm/us. 
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Fig.  18.  Velocity  vs  distance  along  acceptor  for 
TNT/5%  wax 


TNT/NQ/WAX 
DISTANCE  VS  VELOCITY 


Fig.  19.  Velocity  vs.  distance  along  acceptor 
for  TN  T/35 %-N Q/5%  wax 

A  series  of  shots  with  TNT/35%-NQ/5%  was 
acceptors  reveal  additional  utility  of  the  super 
gap  test.  As  shown  in  Fig.  19,  two  shots  with 
a  4-in.  PMMA  gap  and  a  3-in.  PMMA  gap  both 
resulted  in  a  “no-go”.  A  shot  with  2-in.  PMMA 
and  no  endplates  (80  kbar)  defined  a  detonation 
velocity  at  7.42  mm/ps  with  a  standard  devia¬ 
tion  of  0.05  mm/ps.  A  2-in.  PMMA  shot  (with 
endplates  —  42  kbar)  revealed  an  interesting 
result.  The  velocity  along  the  length  of  the  ac¬ 
ceptor  plateaus  at  5.9  mm/ps  before  continuing 
to  7.42  mm/ps.  The  charges  were  case  in  accep¬ 
tor  casings  in  a  vertical  position  and  shots  were 
conducted  by  shocking  the  bottom  end  of  the 
charge.  For  the  TNT/NQ/wax  charges,  however, 
questions  were  raised  concerning  the  unifomsity 
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of  the  mixing  of  TNT  and  NQ  in  the  charge.  A 
top  initiated  shot  was  also  completed  with  2-in. 
PMMA.  This  shot  revealed  a  similar  plateau  in 
velocity  but  2-in.  later  in  the  acceptor.  The 
plateau  effect  was  concluded  to  be  caused  by  the 
initiation  of  TNT  (detonation  velocity  of  6.9 
mm/jjs)  before  the  NQ  (detonation  velocity  of 
8.0  mmlpis).  Since  heavier  NQ  (density,  1.69 
gm/cm3)  settled  in  the  TNT  (density,  1.62 
gm/cm3)  in  the  casting,  the  top  of  the  charges 
contained  less  concentration  of  NQ  and  thus  the 
lower  plateau  of  the  shock  velocity  must  occur 
further  along  the  acceptor  in  a  top  initiated 
charge.  The  super  gap  test  results  support  these 
conclusions.  However,  no  chemical  analysis  of 
this  series  of  charges  is  available  which  would 
provide  conclusive  evidence. 

RESULTS  AND  CONCLUSIONS 

The  results  of  the  super  gap  test  can  be  com¬ 
pared  to  published  NOL  large  scale  gap  test 
data  (4).  Such  a  comparison  concludes  that 
detonation  occurs  at  lower  pressures  in  the 
super  gap  test  than  in  the  NOL  test.  Tritonal 
detonates  in  the  NOL  test  at  25  kbar  and  in  the 
super  gap  test  at  15  kbar.  Composition-B 
detonates  in  the  NOL  test  at  18-20  kbar  and  in 
the  super  gap  test  at  12  kbar.  The  difference  in 
pressure  again  relates  to  the  relative  size  of 
these  tests  and  the  resulting  difference  in 
pressure-time  response.  The  super  gap  test  pro¬ 
duces  long  duration  pressure  pulses  such  as  oc¬ 
cur  in  large  munitions.  The  longer  pressure 
pulse  duration  in  the  super  gap  test  results  in 
lower  ‘‘go,  no-go’’  pressures  than  those  deter¬ 
mined  in  the  NOL  gap  test. 

The  super  gap  test  can  provide  a  more  com¬ 
parative  study  of  the  sensitivity  of  high  ex¬ 
plosives  in  large  unitary  weapons.  The  relatively 
small  scale  of  the  NOL  gap  test  results  in  an 
unclear  correlation  to  large  scale  events.  The 
questions  surrounding  the  sympathetic  detona¬ 
tion  of  large  munitions  can  only  be  answered 
with  a  properly  scaled  test.  The  super  gap  test 
provides  such  a  scale  for  proper  pressure-time 
correlation  to  large  weapons. 

Baseline  tests  of  the  super  gap  test  were  ac¬ 
complished  on  tritonal  and  composition-B  ac¬ 
ceptors.  The  test  was  extensively  used  in  the 
evaluation  of  EAK  mixtures  for  use  as  an  in¬ 
sensitive  high  explosive.  The  super  gap  test  is 
currently  being  utilized  in  investigations  of 


insensitive  high  explosive  mixtures  of  TNT  and 
wax.  The  super  gap  test  promises  to  provide  a 
comparative  investigation  of  high  explosive  as 
it  relates  to  utilization  in  large  unitary  weapons 
(5). 
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CHEMICAL  REACTION  OF  EXPLOSIVES  AND  GUN  PROPELLANT 
DURING  HIGH  ACCELERATION 
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Energetic  Materials  Division 
Large  Caliber  Weapon  Systems  Laboratory 
U.S.  Army  Armament  Research  and  Development  Center 
Dover,  New  Jersey  07801-5001 


INTRODUCTION 

Knowledge  of  the  fracture  phenomena  of  ener¬ 
getic  materials  subjected  to  high  acceleration 
is  important  in  such  fields  as  ordnance,  industry, 
and  space  applications  where  energetic  materials 
are  often  subjected  to  high,  fluctuating,  and/or 
sustained  accelerations.  In  particular,  if  ener¬ 
getic  materials  react  during  high  acceleration, 
understanding  this  phenomena  may  be  impor¬ 
tant  for  solving  the  problems  of  abnormal  pro¬ 
pellant  burning  and  undesirable  ignition  or  initi¬ 
ation  of  explosives. 

Experiments  using  an  ultracentrifuge  have 
been  initiated  in  order  to  investigate  the  behavior 
of  energetic  materials  during  high  acceleration. 
Experimental  results  on  the  fracture  behavior 
of  explosives  during  high  acceleration  have  pre¬ 
viously  been  published  (1,  2)  as  have  results  on 
the  deformation  and  failure  of  M30  propellant 
(3).  Chemical  reactions  have  been  discovered  to 
occur  in  TNT,  TNT-1%  HNS.  and  M30  propel¬ 
lant  as  a  result  of  fracture  and  impact  during 
high  acceleration  in  the  ultracentrifuge  (2).  This 
discovery  is  discussed  further  herein  with  addi¬ 
tional  diagnostic  measurements  of  the  reacted 
materials.  The  reacted  samples  have  been  studied 
with  electron  paramagnetic  resonance  (EPIt) 
and  x-ray  photoelectron  spectroscopy  (XPS)  to 
verify  that  reaction  has  occurred  and  to  inves¬ 
tigate  properties  of  the  reaction  products. 


EXPERIMENT 

A  Beckman  preparative  ultracentrifuge 
(Model  L8-80)  with  a  <  winging  bucket  rotor 
(Model  SW  60  Ti)  is  used  to  rotate  the  sample 
under  study  up  to  60,000  rpm.  The  distance  of 
the  specimen  from  the  axis  of  rotation  can  be 
chosen  as  a  variable  between  6  and  1 2  cm. 

Samples  are  prepared  in  two  ways.  Cylindrical 
polycrystalline  plugs  of  explosive  are  prepared 
by  pouring  about  one-half  gram  of  molten 
material  into  9  mm  i.d.  polycarbonate  tubes  and 
allowing  it  to  crystallize.  The  open-ended  sample 
tube  is  then  joined  to  a  short  closed-end  polycar¬ 
bonate  centrifuge  tube  as  shown  in  Fig.  1.  The 
as-cast  surface  of  the  explosive  faces  away  from 
the  axis  of  rotation.  In  a  second  experimental 
method,  small  pieces  (0.05  g)  of  propellant  are 
glued  to  individual  aluminum  disks.  An  individ¬ 
ual  disk  with  the  sample  facing  away  from  the 
axis  of  rotation  is  joined  to  a  short,  closed-end 
polycarbonate  tube,  which  supports  the  disk  at 
a  fixed  distance  from  ihe  axis  of  rotation. 

The  sample  experiences  a  time  rate  of  change 
of  the  acceleration  up  to  a  maximum  accelera¬ 
tion.  The  sample  then  remains  at  this  maximum 
acceleration  for  a  time  such  that  for  each  run 
there  is  a  combined  total  elapsed  time  of  5 
minutes.  The  sample  then  decelerates  smoothly 
to  zero  acceleration.  The  initial  maximum  accel¬ 
eration  is  less  than  the  fracture  acceleration  for 
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Fig.  1.  Fracture  and  Impact  of  Melt-cast 

the  material.  The  maximum  acceleration  for  the 
sample  is  then  increased  systematically  in  each 
successive  ii-minute  run  until  the  sample  frac¬ 
tures.  In  these  experiments  essentially  all  the 
sample  mass  fractures  and  transfers  to  the 
closed-end  tube  during  one  run  as  shown  in  Fig. 

1 .  When  the  sample  fractures  its  acceleration 
decreases  to  zero  in  a  very  short  time  (the  travel 
time  of  the  speed  of  sound  through  the  sample); 
when  the  sample  impacts  the  end  of  the  tube 
its  acceleration  increases  to  the  maximum  accel¬ 
eration  in  a  very  short  time  (the  travel  time  of 
the  stress  wave  through  the  sample)  (4,  5). 

RESULTS 

Chemical  reaction  has  been  discoveied  to  occur 
in  TNT  and  TNT-1%  HNS  as  a  result  of  the  frac¬ 
ture  and  the  impact  of  the  material  at  the  end 
of  the  tube.  Extensive  black  (to  the  eye)  discol¬ 
oration  is  observed  in  the  recovered  material. 

The  pressure  produced  by  the  reaction  is  suffi¬ 
cient  to  cause  a  2-cm  long  cracn.  perpendicular 


TNT  During  High  Acceleration 

to  the  axis  of  rotation  in  the  polycarbonate  col¬ 
lector  tube. 

The  range  of  conditions  for  which  chemical 
reaction  has  been  observed  has  been  estimated 
from  the  following  equations.  The  acceleration 
at  fracture  or  impact  is  the  radial  acceleration 

a  =  co2r, 

where  a >  is  the  angular  velocity  and  r  is  the 
radius  of  the  sample  with  respect  to  the  axis  of 
rotation.  The  velocity  at  fracture  is  the  tangen¬ 
tial  velocity 

v  =  on  r. 

The  maximum  velocity  at  impact  and  the 
minimum  time  between  fracture  and  impact  are 
calculated  by  solving  Newton’s  law  of  motion 
using  Coriolis’  theorem  (6).  The  minimum  time 
between  fracture  and  impact,  tmin,  is  given  by 
the  expression 
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where  r;  and  r{  are  the  initial  and  final  radius 
of  the  sample,  respectively.  The  maximum 
velocity  at  impact,  vmax,  is  given  by  the 
expression 


The  estimated  conditions  at  fracture  are: 
acceleration  20,000-59,000  g;  velocity  140-230 
m/s;  time  2.0  ps;  load  rate  1.0-2.9  x  1010  g/s.  The 
estimated  conditions  at  the  moment  of  impact 
at  the  end  of  the  polycarbonate  tube  are:  ac¬ 
celeration  26,000-77,000  g;  velocity  110-190  m/s; 
time  2.3  f^s;  load  rate  1. 2-3.4  x  1010  g/s.  The 
estimated  time  between  fracture  and  impact  is 
300-510  ps.  These  experiments  have  been  per¬ 
formed  at  0,  25  and  50°C;  chemical  reaction  has 
occurred  at  all  three  temperatures. 
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Fig.  2.  XPS  N  Is  Spectra  of  Melt-cast  TNT 
Before  (Upper  Spectrum)  and  After  (Lower  Spec¬ 
trum)  Acceleration  and  Impact 

The  XPS  N  Is  spectra  of  melt-cast  TNT 
before  (7-9)  and  after  acceleration  and  impact 
is  displayed  in  Fig.  2.  A  new  line  centered  at 
about  401  eV  is  observed  in  the  spectrum  of  the 
reacted  TNT.  This  line  has  also  been  reported 


from  experiments  when  TNT  is  subjected  to 
heat  (8-10),  uv  photolysis  (7-9),  and  x-rays  (10). 
There  is  also  evidence  of  the  401  eV  line  in  the 
XPS  N  Is  spectrum  of  reacted  TNT-1%  HNS 
from  the  acceleration  experiment  (not  shown 
here). 

The  EPR  spectrum  of  the  TNT  after  accelera¬ 
tion  and  impact  is  displayed  in  Fig.  3.  This  is 
the  EPR  spectrum  of  the  reacted  TNT.  A  simi¬ 
lar  spectrum  has  also  been  observed  when  TNT 
is  uv  (11)  and  thermally  (11,12)  decomposed.  The 
radical  associated  with  the  EPR  spectrum  has 
not  as  yet  been  identified. 

Chemical  reaction  has  also  been  discovered  to 
occur  in  M30  propellant  as  a  result  of  the  frac¬ 
ture  and  the  impact  of  the  material  at  the  end 
of  the  tube  during  high  acceleration.  Yellow  (to 
the  eye)  discoloration  is  observed  in  the 
recovered  material.  The  estimated  conditions  at 
fracture  are:  acceleration  130,000-240,000  g; 
velocity  340-460  m/s;  time  1.0  ps;  load  rate 
1. 3-2.4  x  10”  g/s.  The  estimated  conditions  at 
the  moment  of  impact  at  the  end  of  the  polycar¬ 
bonate  tube  are:  acceleration  170,000-310,000  g; 
velocity  290-390  m/s;  time  1.0  ps;  load  rate 
1.7-3. 1  x  10“  g/s.  The  estimated  time  between 
fracture  and  impact  is  150-200  ps.  These  exper¬ 
iments  have  been  performed  at  25°C. 

The  XPS  N  Is  spectra  of  M30  propellant  be¬ 
fore  (13)  and  after  acceleration  and  impact  is 
displayed  in  Fig.  4.  The  intensities  of  the  ON02 
and  N02  lines  decrease  relative  to  the  intensity 
of  the  amine/imine  line  in  the  reacted  M30  pro¬ 
pellant.  Nitrocellulose  and  nitroglycerin  contain 
ON02  groups  and  nitroguanidine  contains  N02 
groups.  Thus,  reaction  may  have  occurred  in 
these  three  components  of  M30  propellant  (14). 

DISCUSSION 

The  fracture  phenomena  of  TNT,  TNT-1% 
HNS,  and  M30  propellant  during  high  accelera¬ 
tion  have  been  studied  in  an  ultracentrifuge. 
The  recovered  samples  have  been  studied  by 
XPS  and  EPR.  The  results  of  these  meas¬ 
urements  indicate  that  chemical  reaction  has 
occurred  in  these  materials  as  a  result  of  frac¬ 
ture  and  impact. 

There  are  several  mechanisms  discussed  in  the 
literature  which  can  be  considered  for  produc¬ 
ing  the  reaction.  One  mechanism  is  shock  initia¬ 
tion.  For  example,  the  pressure  at  impact  can 
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Fig.  4.  XPS  N  Is  Spectra  of  M30  Propellant  Before  (Upper  Spectrum)  and  After 
(Lower  Spectrum)  Acceleration  and  Impact 

be  estimated  by  matching  the  hugoniots  of  ,  .  ,  .  ,  . 

polycarbonate  and  TNT  151.  From  this,  the  l?loc,ly pr“luCea m™m temperature m the 

temperature  rise  due  to  the  pressure  at  impact.  absenc0  ?f  react,°n'  “  lbe  shf.ar  vclocl?  ,s, the 

0.3  GPa.  is  seen  to  be  insufficient  to  ignite  TNT  s0”e  °rdo„r  0  ”ogn  'T  ” ?“f‘' 

(15).  Therefore,  i,  is  unlikely  that  the  reaction  ty 1°' i9,° ’?£  ‘ '"‘“‘"T! '  tamPa[at“'e  of  the 

occurs  during  the  time  of  impact.  °fder  o!  f M5°  C  ™uld  be  produced  ,n  lhe, 

absence  of  reaction,  h  or  a  temperature  range  of 

Another  mechanism  is  rapid  shear.  According  250-350°C,  the  e-folding  time  of  the  reaction 

to  Frey  (16),  the  impact  pressure  and  a  shear  which  produces  the  free  radical  (shown  in  the 
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EPR  spectrum)  would  range  between  21  minutes 
and  12  seconds,  respectively  (12).  If  the  impact 
velocity  is  amplified  by  a  factor  of  three  (17), 
the  maximum  temperature  would  be  700°C  and 
the  e-folding  time  of  the  reaction  would  be  about 
a  millisecond.  Even  one  millisecond  is  too  long 
by  almost  two  orders  of  magnitude  for  Frey’s 
mechanism  to  cause  the  reaction  during  the 
time  of  impact. 

Another  mechanism  is  frictional  heating.  A 
normal  force  is  produced  by  the  Coriolis  accel¬ 
eration  as  the  sample  slides  along  the  collector 
tube  after  fracture  to  impact.  The  resulting 
pressure  of  the  sample  against  the  polycar¬ 
bonate  tube  is  <  0.01  GPa.  According  to  Frey 
(16),  this  pressure  and  a  shear  velocity  of  the 
order  of  the  impact  velocity  would  produce  a 
negligible  temperature  rise.  If  the  time  between 
fracture  and  impact  is  assumed  to  be  the  e- 
folding  time  of  the  reaction,  a  TNT  temperature 
of  about  800°C  would  be  expected  (12). 

In  some  other  types  of  experiments  (e.g., 
impact,  compaction)  Sandusky,  Coffey,  and 
Liddiard  (18)  have  reported  reaction  thresholds 
in  energetic  materials  at  lower  pressures  than 
obtained  here  «  0.1  GPa  versus  the  ~0.3  GPa 
here)  and  at  rates  of  bulk  deformation  (~  80-200 
m/s)  which  are  similar  to  the  impact  velocity  of 
the  present  experiment.  The  reaction-producing 
mechanisms  involved  in  the  Sandusky  et  al.  pro¬ 
cess  may  be  similar  to  that  for  the  present 
experiment  and  need  to  be  further  studied.  In 
the  propelled  impingement  test,  chemical  reac¬ 
tion  of  TNT  has  been  reported  at  an  impinge¬ 
ment  velocity  (19)  which  is  within  the  range  of 
impact  velocities  found  to  cause  chemical  reac¬ 
tion  here.  It  is  also  interesting  to  note  that  a 
reaction  in  propellants  has  been  reported  at  im¬ 
pact  velocities  similar  to  those  of  this  experi¬ 
ment  (19,  20). 
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THE  EFFECT  OF  SOME  ADDITIVES  ON  THE  CLOSED  BOMB  BURNING 
AND  IGNITABILITY  OF  RDX/TNT  (60/40) 


R.W.  Velicky,  H.W.  Voigt,  and  W.E.  Voreck 
United  States  Army  Research  and  Development  Center 
Dover,  New  Jersey 


The  burning  and  ignition  properties  of  Composition  (Comp)  B  are 
studied  so  that  formulation  modification  could  be  made  that  would 
reduce  gun  projectile  in-bore  thermal  explosions.  Comp  B  first  bums 
on  its  surface  like  a  gun  propellant;  then,  at  a  pressure  near  100  MPa, 
a  sudden  breakup  burning  phase  develops.  New  surface  area  is 
created  at  a  phenomenal  rate,  and  this  is  the  cuase  of  the  catastropic 
reaction  rates  that  it  can  experience.  Coating  its  RDX  constituent 
with  a  protectant  significantly  slows  this  reaction  rate.  It  appears 
to  do  this  by  inhibiting  the  rate  at  which  the  RDX  is  released  from 
the  TNT  matrix  for  burning,  probably  by  infinitesimally  delaying  the 
ignition  of  the  RDX  in  the  particle  ignition  sequence.  A  new  test  that 
evaluates  explosive  ignitability  as  a  function  of  pressure  and  energy 
indicates  that  an  RDX  protective  coating  may  also  increase  the  level 
of  thermal  ignition  and  delay  the  onset  of  a  thermal  explosion.  Collec¬ 
tively,  these  three  desirable  properties,  caused  by  a  single  modifica¬ 
tion,  may  significantly  reduce  the  incidence  of  in-bore  explosions 
where  casting  flaws  would  have  precipitated  this  event. 


INTRODUCTION 

Composition  (Comp)  13  is  a  powerful  explo¬ 
sive;  however,  it  cannot  be  used  in  the  projec¬ 
tiles  of  new  high  performance  guns  because  of 
its  susceptibility  to  in-bore  thermal  explosions. 
The  cause  is  attributed  to  the  presence  of  an 
occasional  casting  flaw  which  under  the  stress 
of  launch  induced  set-back  forces  causes  the 
explosive  to  break  up.  Then  in  crushed,  broken, 
or  moving  material,  adiabatic  compression 
and/or  friction  would  stimulate  a  thermal  igni¬ 
tion;  and,  because  Comp  B  burns  so  rapidly,  tb  a 
projectile  violently  ruptures  before  it  can  exit 
the  gun  barrel.  This  premature  problem, 
although  occurring  at  an  unacceptable  level,  is 
a  rare  event.  This  suggests  that  this  hazard  is 
a  borderline  result  that  is  started  when  the  right 
condition  or  combination  of  conditions  are  pre¬ 
sent.  Techniques  that  would  minimize  the  crea¬ 
tion  of  casting  flaws  are  being  investigated. 
This  study,  however,  is  concerned  with  modify¬ 
ing  the  properties  of  Comp  B  to  reduce  further 
the  likelihood  of  an  in-bore  explosion  from 


Comp  B  castings  that  might  escape  the 
gauntlet  of  improved  manufacturing 
procedures. 

A  threefold  approach  is  being  pursued.  The 
explosive’s  mechanical  properties  should  be  im¬ 
proved.  Even  a  modest  improvement  would  fa¬ 
vorably  shift  the  relationship  between  casting 
flaws  and  launch  induced  set-back  forces.  When 
breakup  still  occurs,  the  minimum  amount  of 
heat  energy  needed  to  cause  thermal  initiation 
should  also  be  increased.  Then,  in  situations 
where  a  thermal  reaction  might  stUi  be  initiated, 
the  speed  of  burning  should  be  slowed  so  that 
a  safe  out-of-bore  explosion  would  result  from 
the  in-bore  thermal  initiation.  Simultaneously, 
improving  each  of  the  contributory  factors 
(castability,  strength,  ignitability,  and  burning 
speed),  may  reduce  the  incidence  of  in-bore 
explosions  sufficiently  to  permit  the  use  of  a 
modified  Comp  B  in  the  advanced  weapons 
systems.  The  results  of  previously  reported 
work  suggest  that  some  of  these  goals  are 
attainable. 
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A  study  of  the  burning  properties  of  Comp  B 
and  TNT  (1)  indicated  that  these  materials 
break  up  during  the  combustion  process  and 
burn  on  the  surface  of  their  fragmented  parts. 
The  breakup  of  TNT,  a  major  constituent  of 
Comp  B,  takes  place  along  cleavage  paths  at  the 
boundary  of  neighboring  crystals  (2).  The  size, 
shape,  and  number  of  the  fragments  is  deter¬ 
mined  by  the  casting  procedure.  The  wax  addi¬ 
tive,  which  is  used  in  standard  Comp  B  does  not 
interact  with  its  TNT  component  to  modify  or 
change  its  burning  behavior.  Unlike  TNT,  Comp 
B  initially  burns  on  its  surface  like  a  gun  propel¬ 
lant  (3);  then,  at  a  pressure  near  100  MPa,  a  sud¬ 
den  transition  to  a  breakup  burning  phase  takes 
place.  New  surface  area  is  created  at  a  pheno¬ 
menal  rate,  and  this  is  the  cause  of  the  catas¬ 
trophic  reaction  rates  that  Comp  B  can  experi¬ 
ence.  This  transition  appears  to  be  too  sharp 
and  sudden  to  be  explained  only  by  breakup  or 
melting  of  the  TNT  binder.  The  heat-of-reaction 
of  HMX  (an  explosive  similar  in  structure  to 
RDX)  increases,  sharply,  102  calories/g  at  30 
MPa  static  pressure  (4).  A  similar  response  for 
RDX  could  contribute  toward  Comp  B’s  sharp 
transition  to  the  breakup  burning  phase.  The 
presence  of  the  standard  wax  additive  (1%  ad¬ 
ded  to  the  melt)  in  the  60/40  mixture  of 
RDX/TNT  significantly  slows  the  burning  of 
the  reactive  constituents  during  breakup.  It  ap¬ 
pears  that  it  does  this  because  some  of  the  wax 
(insoluble  in  TNT)  migrates  to  the  surface  of  the 
RDX  particles  where  it  inhibits  the  reaction 
rate.  Coating  the  RDX  particles  with  various 
protectants  is,  therefore,  the  approach  being 
taken  here  to  slow  the  reaction  rate  of  Comp  B. 

It  is  believed  that  in-bore  explosions  begin 
with  a  finite  heat  source  (hot-spot),  in  powdered 
or  broken  material  that  is  being  subjected  to 
pressure.  A  test  developed  to  simulate  these 
conditions  (5)  shows  that  Comp  B  is  more  sen¬ 
sitive  to  thermal  ignition  in  a  projectile  launch 
environment  than,  individually,  are  its  consti¬ 
tuents  (RDX/TNT).  Heat  transfer  in  relation  to 
physical  properties  cause  this,  suggesting  the 
possibility  that  an  RDX  protectant  may  serve 
the  double  purpose  of  increasing  the  minimum 
energy  of  ignition  in  addition  to  slowing  the 
deflagration  rate  of  Comp  B. 

PROCEDURE 

This  work  is  concerned  primarily  with  pro¬ 


tective  coatings  for  RDX  that  would  reduce  the 
deflagation  hazard  of  Comp  B,  but,  since  this 
hazard  is  primarily  related  to  casting  flaws  the 
burning  behavior  of  Comp  B  with  TNT  modi¬ 
fiers,  which  may  reduce  their  creation  is  also  ex¬ 
amined.  Small  quantities  of  hexanitrostilbene 
(HNS),  a  mild  explosive  or  polysulfone  can  pro¬ 
vide  a  fine  random  crystal  structure  to  the  TNT 
matrix  that  can  improve  cast  quality  (6).  The 
polysulfone  also  has  the  potential  for  function¬ 
ing  as  a  protective  coating  for  the  RDX.  In  addi¬ 
tion,  under  field  conditions,  Comp  B  can  exhibit 
exudation  problems  that  can  be  controlled  by 
an  anti-exudate,  a  50/50  mixture  of  cellulose  pro¬ 
pionate  and  plasticizers  (7,  8).  Its  effect  on 
Comp  B  burning  is  also  examined.  The  explo¬ 
sive  portion  of  all  the  formulations  tested  is  a 
60/40  mixture  of  class  I  RDX  (177  /urn)  and  TNT 
except  for  one  formulation  where  an  RDX  with 
a  smaller  particle  size  (105  pm)  was  used.  The 
additives  are  added  as  a  percentage  of  the 
original  RDX/TNT  mix.  Single  effects  were  first 
obtained,  and  then  increasingly  interactive  mul¬ 
tiple  effects,  by  introducing  additives  to  the 
TNT  melt  and/or  as  protective  coatings  of  the 
suspended  RDX.  The  general  formulations  are 
listed  in  Table  1. 

Specimens  were  prepared  for  closed  bomb 
testing  in  the  form  of  cast  solid  cylinders  and 
crushed  powder.  The  cylinders  were  2.54  cm  in 
diameter  and  the  lengths  were  adjusted  to  pro¬ 
duce  a  constant  32.00  gram  mass.  Crushed  sam¬ 
ples  (27.00  grams  each)  were  obtained  from  cast 
specimens  which  had  been  broken  into  a  fine 
powder  with  gentle  impact  blows.  Three  g  and 
one  g,  respectively,  of  class  7  black  powder  were 
used  to  initiate  the  solid  and  crushed  samples. 
The  black  powder  was  ignited  with  an  M-100 
electric  match.  Each  specimen  was  burned  in  a 
178  cc  closed  bomb  producing  pressure-vs-time 
data  in  response  to  the  output  of  a  piezo  pres¬ 
sure  transducer.  The  data  was  recorded  with  a 
Nicolet  Explorer  III  Digital  oscilloscope  and 
stored  on  magnetic  discs. 

The  results  of  these  tests  are  presented  in  the 
form  of  dp/dt  vs.  pressure.  A  graphical  exam¬ 
ple  of  the  data  is  shown  in  Figures  1  and  2.  Both 
compare  the  burning  of  standard  Comp  B  with 
a  polysulfone-coated  RDX  formulation  for  the 
solid  and  crushed  versions,  respectively.  In 
Table  2,  an  attempt  is  made  to  reduce  all  the 
test  data  to  a  few  pertinent  values  for  com- 
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TABLE  1 

Additive  in  60/40  Mixtures  of  RDX/TNT 


Sample  no. 

Additive  in  TNT 

Additive  on  RDX 

84-018 

None 

None 

84-023 

1%  Petrolite  Wax 

None 

84-066 

1%  Petrolite  Wax,  0.12%  HNS 

None 

84-080 

1%  Petrolite  Wax,  0.12%  HNS,  0.5%  Anti-Exude 

None 

84-072 

1%  Petrolite  Wax,  0.12%  Polysulfone 

None 

84-082 

0.12%  HNS,  0.5%  Anti-Exudate 

1%  Petrolite  Wax 

84-083A 

0.12%  HNS 

1%  Polycarbonate, 

0.5  Anti-Exudate 

84-025 

0.5%  Anti-Exudate 

1%  Polysulfone 

84-026 

0.5%  Anti-Exudate 

0.5%  Polysulfone 

84-038 

None 

1%  Cellulose  Propionate, 
plasticized 

84-039 

None 

1%  Polysulfone 

84-083B* 

None 

1%  Polysulfone* 

'Fine  particle  RDX. 


TABLE  2 

Closed  Bomb  Results 


Sample 

Max  Pressure, 
MPa 

Max  dp/dt 
MPa/ms 

Pressure  at 
max  dp/dt,  MPa 

Area 

MPa2 /ms 

no. 

Solid  Crushed 

Solid 

Crushed 

Solid 

Crushed 

Solid 

Crushed 

84-018 

234 

210 

153 

255 

186 

93 

15056 

34320 

84-023 

234 

209 

106 

217 

188 

92 

9991 

28016 

235 

211 

106 

227 

187 

96 

10398 

32441 

84-066 

250 

210 

161 

290 

177 

88 

17513 

37515 

225 

209 

162 

241 

162 

89 

16947 

32718 

84-080 

213 

210 

119 

240 

174 

90 

10112 

31854 

212 

210 

125 

258 

168 

90 

10479 

33265 

84-072 

218 

213 

118 

244 

168 

106 

10592 

34853 

221 

212 

113 

170 

174 

118 

10804 

24490 

84-082 

212 

209 

60 

230 

168 

85 

4954 

31849 

197 

212 

47 

247 

160 

88 

3613 

31925 

84-083A 

214 

210 

58 

244 

168 

87 

5051 

31746 

215 

62 

185 

5244 

84-025 

219 

212 

41 

249 

187 

83 

3106 

33933 

224 

204 

41 

230 

196 

79 

3384 

28812 

84-026 

222 

209 

83 

252 

187 

80 

7034 

34122 

219 

84 

178 

7107 

84-038 

255 

204 

49 

272 

186 

90 

3780 

34143 

226 

207 

49 

239 

185 

91 

3652 

31551 

84-039 

230 

204 

53 

292 

189 

92 

4818 

35924 

231 

211 

54 

220 

119 

114 

4408 

31763 

84-083  B 

232 

200 

40 

250 

177 

74 

3960 

33161 

226 

207 

34 

219 

191 

93 

3113 

29436 

253 
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PRESSURE,  *>o 

Fig.  1.  Comp  B  vs.  polysulfone  coated 
RDX/TNT  (solid) 

parison.  These  include  the  maximum  pressure 
(an  indication  of  the  energy  provided  by  the 
reaction),  the  maximum  dp/dt  (representing  the 
greatest  surface  area  exposed  for  burning),  and 
the  pressure  at  the  maximum  dp/dt  (related  to 
the  fraction  of  material  consumed).  However, 
the  most  important  value  listed  in  the  table  is 
the  measurement  of  the  area  under  the  entire 
curve.  When  all  things  are  equal  such  as  mass, 
composition,  and  vessel  volume,  each  dp/dt 
value  represents  the  surface  area  taking  part  in 
the  reaction  in  relation  to  the  volume  fraction 
of  sample  burned.  A  measurement  of  the  area 
under  the  curve  provides  a  number  that  can  be 
used  to  evaluate  the  effect  of  an  additive  on  the 
reaction  rate  of  the  composition's  reactive  con¬ 
stituent  (RDX/TNT).  This  value,  however,  ap¬ 
plies  to  a  specimen  of  a  particular  mass  and  con¬ 
figuration  burned  in  a  particular  vessel.  The 
ratios  developed  cannot  be  extrapolated  to  any 
other  conditions.  This  is  because  the  dp/dt  vs 
pressure  curve  (for  materials  which  fragment  on 
burning)  combines  the  effect  of  several  funda¬ 
mental  properties.  Principally,  these  include  the 
rate  of  surface  area  creation  with  the  intrinsic 
burning  rate  of  the  fragmented  parts.  Present¬ 
ly  these  values  are  unknowns.  Therefore,  the 
quickness  curve  (dp/dt  vs  pressure)  is  limited  to 
use  as  a  comparator.  This  comparison,  however, 
is  useful  to  evaluate  the  degree  of  effectiveness 
various  additives  contribute  toward  the  at¬ 
tempt  to  slow  the  burning  of  RDX/TNT  (60/40). 
In  Table  3,  the  area  under  the  quickness  curve 
for  standard  Comp  B  is  assigned  a  value  of 
100%  for  each  of  the  two  geometrical  config¬ 


Fig.  2.  Comp  B  vs.  polysulfone  coated 
RDX/TNT  (crush) 

urations  and  a  relative  comparison  based  on  tins 
value  is  made  for  each  appropriate  experimen¬ 
tal  formulation. 

The  ignition  test  is  performed  on  powdered 
explosive  samples  and  provides  a  relative  ignit- 
ability  data  as  a  function  of  pressure  and 
energy.  A  1-gram  sample  is  compressed  be¬ 
tween  1.27  cm  punches  within  a  floating  sleeve. 
At  a  desired  pressure  level  (monitored  with  a 
piezo  force  gage)  an  80  psec,  one  half  sine  wave, 
energy  pulse  is  dumped  into  a  platinum  heater 


TABLE  3 

Relative  Reaction  Rate  with  Respect  to 
Regular  Comp  B 


Sample 

no. 

Solid 

(%) 

Crushed 

(%) 

84-018 

148 

114 

84-023* 

100* 

100* 

84-066 

169 

116 

84-088 

101 

108 

84-072 

105 

98 

84-082 

42 

105 

84-083A 

50 

105 

84-025 

32 

104 

84-026 

69 

113 

84-038 

36 

109 

84-045 

45 

112 

84-083B 

35 

104 

*  Regular  Comp  B. 
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that  is  located  in  the  center  of  the  specimen.  It 
has  been  found  that  explosives  could  be  in¬ 
itiated  at  very  modest  energy  levels  as  long  as 
the  test  specimen  was  at  a  high  enough 
pressure.  In  this  test,  the  50%  threshold 
pressure  of  initiation,  at  a  fixed  level  of  energy 
deposition,  is  determined  by  varying  the  pres¬ 
sure  according  to  a  25  shot  Bruceton  stair-step 
procedure  (9).  This  is  done  at  several  energy 
levels  for  each  explosive.  A  plot  of  the  reciprocal 
of  the  threshold  pressure  versus  the  input 
energy  should  generate  a  reasonably  straight 
line  that  can  be  used  to  evaluate  the  ability  of 
an  additive  to  change  the  ignitability  of  the 
RDX/TNT  mixture.  The  sensitivity  hazard  in¬ 
creases  in  proportion  to  the  reciprocal  of  the 
threshold  pressure  of  initiation. 

The  ignitability  test  was  performed  on  three 
psuedo  Comp  B  variations.  These  specimens 
were  not  melt-cast.  A  fixed  quantity  of  RDX 
(coated  or  uncoated)  was  blended  with  an  ap¬ 
propriate  amount  of  finely  ground  TNT.  This 
was  done  in  order  to  test  the  protective  coating 
concept  without  risking  (at  this  time)  exposing 
bare  RDX,  a  possible  result  of  the  crushing  pro¬ 
cess,  to  the  test.  The  control  for  the  series  was 
a  60/40  blend  of  RDX/TNT  with  uncoated  RDX. 
Its  ignitability  was  compared  against  that  of 
pseudo  Comp  B’s  with  an  insulator  (polysulfone) 
and  a  conductor  (aluminum)  coated  on  the  RDX. 
The  pressure  at  which  50%  of  the  trials 
(threshold  pressure)  would  be  initiated  by  a 
specific  energy  input  is  listed  in  Table  4.  A  plot 
of  the  reciprocal  of  the  pressure  with  respect  to 
the  input  energy  is  shown  in  Fig.  3.  In  every 
series,  approximately  one-half  of  the  tests  result 
in  a  violent  thermal  explosion.  The  force  gage, 
mounted  with  the  test  fixture,  provides  a  signal 
which  responds  to  this  event  in  relation  to  the 
onset  of  the  energy  pulse.  This  measures  the 
time  to  violent  reaction  and  is  also  listed  in 
Table  4.  These  data  are  plotted  with  respect  to 
the  threshold  pressure  of  initiation  and  shown 
in  Fig.  4. 

CLOSED  BOMB  RESULTS 

All  the  protectants,  which  were  coated  on  the 
RDX,  significantly  slowed  the  burning  of  cast 
RDX/TNT  (60/40).  Even  the  wax,  which  is  nor¬ 
mally  mixed  into  the  TNT  melt,  slowed  burning 
more  effectively  as  an  RDX  protectant.  It  is  dif¬ 
ficult  to  rank  the  effectiveness  of  the  several 


coatings  tested  because  identical  experiments 
were  not  conducted  with  all  the  additives.  The 
tests  were  performed  with  all,  part,  or  none,  of 
the  TNT  modifiers,  and  because  the  reactions 
taking  place  are  not  understood  completely,  it 
would  not  be  valid  to  extrapolate  a  ranking.  It 
is  premature,  however,  to  select  the  ideal 
coating  for  RDX  only  on  the  basis  of  closed 
bomb  results.  None  of  the  coatings  tested  fail¬ 
ed  to  slow  the  burning  of  the  explosive.  This  in¬ 
dicates  that  there  is  a  wide  choice  of  materials 
available.  The  final  selection  should  be  based 
also  on  the  coating’s  ability  to  provide  addi¬ 
tional  desirable  properties  to  the  explosive. 


TABLE  4 

Ignition  Test  Results 


Threshold 

Explosion 

Energy 

Pressure 

Time 

(Joules) 

(MPa) 

(ms) 

Polysulfone  Coated  RDX 

0.0951  ±0.0011 

94.8±  6.0 

4.7±  3.2 

0.0771±0.GD11 

97. 2±  8.5 

4.3±  2.6 

0.0610±0.0009 

1 10.0±  13.3 

2.5±  0.9 

0.0418±0.0012 

131.6±  6.3 

0.9±  0.2 

Uncoated  RDX 

0.0922±0.0010 

81.6±  1.8 

4.8±2.7 

0.0761  ±0.0011 

93. 1  ±  5.4 

4.1±  1.0 

0,0603±0.0010 

100.0±  6.2 

1 .6±  0.4 

0.0438±0.0006 

128. 2±  10.0 

0.6±0.3 

Aluminum  Coated  RDX 

0.09 15±  0.0020 

77.8±10.6 

5.6±2.8 

0.0726±0.0021 

89. S±  2.8 

3.9±2.8 

0.0582±0.0014 

103. 3±  15.2 

2.0±0.8 

0.0423±  0.0071 

129.3±13.7 

0.5±0.2 

Crushed  specimens  of  the  explosives  were 
tested  because  of  work  of  Collett  (10).  He 
launched  and  recovered  four  M549  shells  that 
had  100  mil  cavities  machined  in  the  base  of  the 
explosive  (cast  Comp  B).  These  shells  were  laun¬ 
ched  at  5000  g,  8000  g,  and  10,000  g  accelera¬ 
tion.  The  base  of  the  shells  launched  at  8000  g 
and  10,000  g  were  completely  filled  with  rubble 
from  the  breakup  of  the  explosive.  It  was  also 
suspected  that  there  might  have  been  sig¬ 
nificant  quantities  of  powdered  explosive 
associated  with  the  nibble.  If  an  in-bore  ex¬ 
plosion  is  initiated  in  powdered  and  broken 
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material,  the  burning  properties  of  this  type  of 
explosive  must  also  be  examined.  The  data 
shows  that,  in  the  powdered  form,  the  additives 
whether  in  the  TNT  or  coated  on  the  RDX  do 
not  modify  the  burning  of  RDX/TNT.  This  in¬ 
dicates  that  the  protective  coatings,  all  of  which 
slow  the  burning  of  the  cast  material  do  so 
because  they  inhibit  the  rate  at  which  RDX 
particles  are  released  from  the  TNT  matrix  for 
burning.  It  probably  does  this  by  infinitesimally 
Obeying  the  ignition  of  the  RDX  in  the  parti¬ 
cle  to  particle  ignition  sequence. 


JouIm 

Fig.  3.  Reciprocal  of  pressure  vs.  energy 

Particle  s:;  e  of  HMX  has  a  significant  effect 
on  the  burning  of  propellant  containing  58% 
HMX  (11).  This  material,  like  Comp  B,  broke 
up  on  burning  for  formulations  with  an  HMX 
particle  size  of  45  and  92  microns.  However, 
when  the  micron  size  was  reduced  to  4.1  typical 
gun  propellant  surface  burning  was  approached. 
In  order  to  test  whether  a  similar  trend  occur¬ 
red  with  Comp  B,  a  formulation  with  a  smaller 
RDX  particle  size  was  made.  The  results  show 
that  reducing  the  particle  size  from  177  pm  to 
105pm  does  not  significantly  slow  its  burning. 
It  appears  that  a  much  smaller  RDX  particle 
size  would  be  needed  to  slow  Comp  B’s  burn¬ 
ing,  and  it  would  be  difficult,  if  not  impossible, 
to  melt-pour  this  RDX/TNT  mixture. 

Of  the  TNT  modifiers,  only  HNS  appears  to 
have  a  detrimental  effect  on  the  burning  of 
Comp  B.  It  appears  to  negate  the  beneficial 


effect  provided  by  wax  in  standard  Comp  B. 
However,  this  speedup  in  burning  is  cancelled 
when  the  anti-exudate  is  added  to  the  mixture. 
Whenever  the  anti-exudate  is  U3ed,  a  significant 
reduction  in  the  maximum  pressure  (energy)  is 
observed.  In  some  cases,  the  slowness  of  burn¬ 
ing,  caused  by  RDX  protectants,  contributes  to 
this  by  increasing  heat-leak  through  the  walls 
of  the  closed  bomb,  but  the  predominant  cause 
is  attributed  to  side  reactions  which  absorb 
energy  from  the  reactive  RDX/TNT  mixture. 
This  is  desirable  for  slow  cook-off  reactions,  and 
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Fig.  4.  Cookoff  vs.  pressure 

it  is  unlikely  that  at  detonation  velocities  (the 
working  region  of  Comp  B)  there  would  be  suf¬ 
ficient  time  for  these  side  reactions  to  take 
place.  This  is  supported  by  the  burning  of  the 
crushed  specimens.  These  samples  burn  at  a 
much  faster  rate  than  the  solid  castings  and 
several  orders  of  magnitude  slower  than  they 
would  if  stimulated  to  detonation  velocities.  The 
crushed  specimens  do  not  exhibit  the  energy¬ 
absorbing  side  reactions,  thus  suggesting  that 
the  exudation  controlling  additive  can  also 
decrease  the  severity  of  some  cookoff  hazards 
without  seriously  affecting  performance. 
Although  it  is  not  established  with  absolute  cer¬ 
tainty,  it  appears  that  the  anti-exudate  and 
polysulfone  (as  a  TNT  modifier)  do  not  interfere 
with  the  ability  of  protectant  coatings  from 
slowing  the  burning  of  cast  RDX/TNT.  From 
the  perspective  of  burning  properties,  these  ad¬ 
ditives  can  be  included  in  the  TNT  matrix  if 
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warranted  by  the  cast  quality  and  exudation 
control  they  provide. 

IGNITION  TEST  RESULTS 

The  ignition  teots  were  performed  on  pseudo 
Comp  B  in  order  to  evaluate  the  feasibility  of 
utilizing  RDX  protectants  to  reduce  the  sen¬ 
sitivity  of  RDX/TNT  to  in-bore  type  thermal  in¬ 
itiation.  The  results  are  quite  encouraging. 
Polysulfone,  a  candidate  for  use  as  an  RDX  pro¬ 
tectant,  as  well  as  a  TNT  modifier,  does  reduce 
the  sensitivity  to  thermal  initiation  in  relation 
to  the  same  formulation  with  uncoated  RDX. 
The  sensitivity  of  the  formulation  with 
aluminized  RDX  increases  slightly,  and  this 
would  appear  to  make  this  explosive  more 
hazardous.  The  sensitivity  of  the  three  formula¬ 
tions  converge  as  the  pressure  is  increased  to 
130  MPa,  indicating  that  the  physical  proper¬ 
ties  of  the  coating  limit  its  effective  working 
range. 

A  pleasant  surprise  was  provided  by  the  time- 
to-explosion  results.  The  polysulfone  coating  in¬ 
creased  the  time  to  violent  reaction  by  almost 
a  millisecond  across  the  entire  threshold  pres¬ 
sure  range.  It  appears  to  do  this  in  conjunction 
with  its  ability  to  slow  burning  and  decrease  the 
thermal  sensitivity.  If  this  is  indeed  a  valid 
result,  it  means  that  the  chance  of  a  safer  out- 
of-bore  explosion  is  increased  even  if  all  the  pro¬ 
spective  improvements  fail  to  prevent  an  in-bore 
initiation. 

The  encouraging  results  of  the  ignition  test 
must  be  confirmed  with  Comp  B  formulations 
made  in  the  traditional  manner.  In  addition,  the 
comparisons  of  RDX/TNT  ignition  properties 
caused  by  candidate  RDX  coatings  should  be 
made  with  respect  to  that  of  regular  Comp  B. 
In  regard  to  the  ignition  test,  the  results  are  not 
as  precise  as  is  desired.  The  correlation  of  deter¬ 
mination  coefficients  (r2)  for  the  reciprocal  of 
pressure  vs.  energy  curves  is  0.93,  0.97,  and 
0.99,  respectively,  for  formulations  with 
polysulfone  coated,  uncoated,  and  aluminized 
RDX.  These  correlation  coefficients  are  much 
poorer  for  the  time  to  reaction  vs.  pressure 
curves;  r*  is  0.97,  0.83,  and  0.95.  for  the  same 
respective  order.  The  ignitability  test  is  a  new 
test  and  as  such  it  evolves  as  understanding 
grows  with  use.  It  is  expected  that  experimen¬ 
tal  reproducibility  will  improve  as  experience 
develops  the  needed  refinements. 


CONCLUSIONS 

This  work  established  that  a  protectant 
coated  on  the  RDX  in  a  cast  of  60/40  RDX/TNT 
will  significantly  slow  the  burning  of  these  reac¬ 
tive  constituents.  All  the  coatings  tested  suc¬ 
cessfully  performed  this  function;  however, 
when  these  formulations  were  burned  in  their 
crushed  form,  the  protectants  did  not  slow  the 
burning.  This  indicates  that,  in  a  cast,  an  ad¬ 
ditive  on  the  surface  of  the  RDX  inhibits  the 
rate  at  which  the  RDX  is  released  from  tho  TNT 
matrix  for  burning.  It  probably  does  this  by  se¬ 
quentially  delaying  the  ignition  of  the  RDX  par¬ 
ticles.  Preliminary  results  also  indicate  that  ad¬ 
ditives  which  can  slow  the  burning  of  RDX/ 
TNT  may  also  increase  its  minimum  energy  of 
ignition  and  delay  the  onset  of  a  thermal  explo¬ 
sion.  These  results  must  be  confirmed  and  a 
search  made  for  the  ideal  coating  that  will  best 
perform  all  three  desirable  properties;  which  col¬ 
lectively  should  significantly  reduce  the  in¬ 
cidence  of  in-bore  explosions  where  casting 
flaws  would  have  precipitated  the  event.  The 
presence  of  TNT  modifiers,  which  are  intended 
to  control  cast  quality  and  exudation,  do  not  ap¬ 
pear  to  interfer  with  the  ability  of  RDX  protec¬ 
tants  to  slow  burning. 
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RESPONSE  OF  CONFINED  EXPLOSIVE  CHARGES 
TO  FRAGMENT  IMPACT 


M.  A.  Barker,  J.  F.  Bassett,  J.  Connor  and  P.  J.  Hubbard 
Royal  Armament  Research  and  Development  Establishment 
Fort  Halstead,  Sevenoaks,  Kent  TN14  7BP,  UK 


A  simple  test  of  the  response  of  cased  explosive  charges  to  high 
velocity  fragment  impact  is  described  and  results  are  presented  for 
a  range  of  explosives.  It  is  shown  that  the  minimum  velocity  of  im¬ 
pact  producing  the  most  violent  type  of  response  in  each  explosive 
does  not  correlate  well  with  the  shock  sensitivity  of  the  explosive. 
However,  a  good  correlation  with  explosiveness  as  measured  in  the 
RARDE  Small-Scale  Burning  Tube  Test  is  observed  The  significance 
of  this  observation  is  discussed  in  the  context  of  attempts  to  model 
fragment  impact  and  proposals  for  more  quantitative  studies  are 
made. 


INTRODUCTION 

The  problem  of  predicting  the  response  of 
cased  HE  charges  to  high  velocity  fragment  im¬ 
pact  is  of  considerable  practical  and  academic 
interest.  The  processes  which  control  this 
response  are  complex  and  their  understanding 
requires  detailed  knowledge  of  the  physics  and 
chemistry  of  the  systems  involved.  In  the 
absence  of  this  detailed  knowledge  the  practical 
requirement  for  low  vulnerability  weapon  sys¬ 
tems  has  been  addressed  through  a  variety  of 
ad  hoc  tests. 

The  RARDE  Fragment  Attack  Test  is  one 
such  test.  It  is  intended  to  be  used  in  the  rela¬ 
tively  early  stages  of  the  development  of  a  new 
explosive  formulation  to  give  a  measure  of  the 
violence  of  its  response  to  fragment  impact. 
Because  of  the  difficulty  in  extrapolating 
results  of  this  and  similar  small-scale  tests  to 
more  realistic  scenarios,  a  range  of  larger-scale 
tests  culminating  in  complete  weapon  tests  is 
applied  before  any  explosive  filled  store  is 
accepted  as  safe  for  service. 

The  long  term  goal  of  the  work  reported  here 
is  to  reduce  the  requirement  for  ad  hoc  testing 
and  to  provide  designers  with  more  quantitative 
tools  with  which  to  assess  the  vulnerability  of 
munitions  to  projectile  impact.  This  goal  can  on¬ 
ly  be  met  through  the  development  of  detailed 


and  soundly  based  models  of  the  generation  of 
shock  waves  by  impact  and  their  interaction 
with  heterogeneous  materials,  the  failure  of 
metals  and  of  explosives  under  impact  loading 
and  the  ignition  and  growth  of  reaction  in 
explosives. 

This  paper  describes  the  RARDE  Fragment 
Attack  Test  and  reports  results  obtained  with 
a  variety  of  types  of  explosive.  Some  prelimi¬ 
nary  hydrocode  studies  of  the  test  are  presented 
and  the  test  is  discussed  in  the  light  of  develop¬ 
ing  understanding  of  the  response  of  explosives 
to  ignition  stimuli  in  order  to  point  the  direc¬ 
tion  for  future,  more  quantitative  studies. 

THE  RARDE  FRAGMENT  ATTACK  TEST 

The  test  employs  a  cylindrical  steel  projectile, 
12.7mm  diameter  x  12.7mm  long,  which  may  be 
fired  at  a  velocity  in  the  range  400-2000  m  s'1 
to  impact  on  a  confined  explosive  charge  using 
modified  smooth  bore  Browning  or  RARDEN 
guns.  The  explosive  charge  is  contained  in  a 
mild  steel  vehicle,  114mm  long  x  57mm  inter¬ 
nal  diameter,  with  a  wall  thickness  of  9.5mm. 
After  filling  with  explosive  in  the  form  and  to 
the  density  employed  in  normal  service  use,  the 
vehicle  is  closed  with  a  mild  steel  or  aluminum 
end  cap  which  provides  a  front  septum  with  a 
thickness  of  3.2mm. 
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Fig.  1.  Arrangement  of  fragment  attack  equipment 


Projectile  velocities  are  varied  by  changing 
the  propellant  charge  weight  and  measured  using 
foil  screens  connected  to  microsecond  counters. 
Each  firing  is  monitored  using  a  '/*  height 
Fastax  high  speed  framing  camera  at  a  framing 
rate  of  28000fps  to  give  a  confirmation  of  pro¬ 
jectile  velocity  and  an  indication  of  the  response 
of  the  explosive  charge.  The  test  layout  and 
details  of  the  test  vehicle  are  shown  in  Figure  1. 

The  response  of  the  charge  to  the  impact  is 
assessed  in  terms  of  the  damage  to  the  test  vehi¬ 
cle  according  to  the  following  categories: 


Degree  0 


Degree  1 


Degree  2 


Degree  3 


No  visible  sign  of  reaction  after 
penetration  of  the  septum  by  the 
projectile 

Hint  of  a  burning  reaction  which 
has  faded  rapidly,  no  obvious 
consumption  of  explosive 

Detachment  of  the  septum,  up  to 
20%  of  explosive  consumed 

Septum  detached,  vehicle  intact 
or  broken  into  large  fragments, 
more  than  20^  of  explosive 
consumed 


Degree  4  : 100%  of  explosive  consumed  in  a 
very  violent  reaction  characteris¬ 
ed  by  breaking  up  of  vehicle  into 
very  many  small  fragments  show¬ 
ing  evidence  of  shear  failure 

These  categories  are  rather  crude  but,  in  very 
general  terms,  responses  of  Degrees  0,  1  and  2 
are  rather  mild  whereas  a  response  of  Degree  4 
would,  if  observed  in  a  real  weapon,  be  regarded 
as  unacceptable. 

Results  are  generally  reported  in  the  form  of 
bar  graphs  showing  degree  of  response  against 
the  range  of  velocities  over  which  that  response 
was  observed. 


RESULTS 

Results  are  presented  in  Figure  2  for  a  series 
of  UK  secondary  and  booster  explosive  com¬ 
positions.  Details  of  the  compositions 
employed,  their  mode  of  filling  and  density  are 
given  in  'Fable  1  together  with  NOL  Large-Scale 
Gap  Test  shock  sensitivity  and  RARDE  Small- 
Scale  Burning  Tube  Test  results. 


263 


OF.  WEE  OF  PC  ACTION  OF  (FEE  OF  PEACH  ON  OCSKX  OF  AEACIIOH 


a 


.  ICX/TXr  00/40  TYPE  P  C 

•  W£X  28 


E3 

EZ3 


a 


«4  14  14  14  14  1.4  IJ  14  14 

paqxctiu  impact  vftocin  u«  t*1) 

d 

TKT 

CD 

E3 


U 


U  «4  >4  14  14  M  14  14  (4 

PROJECTILE  ilffACT  VEIOCITTH.  «*) 


f 


Fig.  2.  Results  for  a  range  of  explosive  compositions 
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TABLE  1 

Details  of  Compositions  Tested  and  Sensitivity 
and  Explosiveness  of  Data 


Composition 

Filling 

method 

Typical 
charge 
density 
(Mg  mS 

NOL  Large-Scale 
Gap  Test,  Shock 
Sensitivity 
(GPa) 

RARDE  Small-Scale 
Burning  Tube  Test, 
Explosiveness 
(Fragments) 

Composition 

A5 

RDX/stearic 
acid  98.5/1.5 

Pressed 

1.68 

— 

100 

Debrix  18AS 

RDX/Wax/Flow 

additives 

95.5/2.5/2 

Pressed 

1.64 

30 

RDX/TNT 

60/40 

Type  A 

RDX/TNT/Wax 

59.5/39.5/1 

Melt  Cast 

1.62 

3.0 

20 

Torpex  2B 

RDX/TNT/Al/ 

Desensitiser 

42/40/18/5 

Melt  Cast 

1.70 

3.9 

20 

TNT 

Melt  Cast 

1.59 

6.3 

7 

PE4 

RDX/Plasticiser 

88/12 

Extruded 

1.60 

2.4 

2 

RGPA 

RDX/Plastidser/ 

Polyurethane 

70/19/5.5/5.5 

Extruded 

1.74 

3.7 

4 

ct:  . 

1 

Vacuum 

cast 

1.84 

4.8 

4 

Although  the  degree  of  reaction  is  a 
qualitative  and,  to  some  extent,  subjective 
ra^ng  of  response,  the  data  of  Figure  2  can 
nevertheless  be  used  to  obtain  a  better  under¬ 
standing  of  the  key  processes  involved  in  the 
ignition  and  growth  of  reaction  following  frag¬ 
ment  impact  on  cae:d  explosive  charges. 

One  important  parameter,  particularly  from 
the  viewpoint  of  defining  Insensitive  High  Ex¬ 
plosives  (I HE),  the  minimum  velocity  for  the 
onset  of  violent,  Degree  4  reactions.  This  veloci¬ 
ty  is  snows  in  Figure  3  plotted  against  Large- 
Scale  Gap  Test  shock  sensitivity.  There  is  some 
apparent  correlation  between  these  parameters 
but  the  wide  d  ^parity  between  the  data  points 
for  PE4  and  TNT  indicates  that  this  correlation 
can  only  be  part  of  the  total  picture. 

An  important  distinction  between  1  NT  and 
PE4  is  that  th'1  latter  explosive  exhibits  lower 
explosiveness.  This  means  that,  whui  ignited 
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Fig.  3.  Correlation  between  shock  sensitivity 
and  onset  of  Degree  4  reaction 

under  confinement,  PE4  gives  a  less  violent 
response  than  does  TNT.  At  RARDE  the  Small- 
Scale  Burning  Tube  Test  (1)  has  been  exten¬ 
sively  used  to  provide  an  indication  of  the  explo¬ 
siveness  of  cased  explosive  charges.  The  explo¬ 
sive  is  filled  in  cast,  pressed,  extruded  or  other 


265 


form  as  employed  in  service  into  a  mild  steel 
tube  254mm  long  with  internal  diameter 
31.4mm  and  wall  thickness  6mm  sealed  by  mild 
steel  end  caps  and  ignited  at  one  end  of  the  tube 
by  a  small  ballistite  charge.  Explosiveness  is 
estimated  in  terms  of  the  number  of  fragments 
produced,  usually  as  the  mean  of  ten 
determinations. 

Figure  4  shows  plots  of  the  minimum 
velocities  at  which  reactions  of  Degree  1  to  4 
are  observed  against  the  number  of  fragments 
produced  by  the  same  explosive  in  the  Small- 
Scale  Burning  Tube  Test.  For  Degree  4  reac¬ 
tions,  which  are  of  course  the  most  violent,  the 
correlation  between  minimum  velocity  and  ex¬ 
plosiveness  is  good  but  correlations  for  lower 
degrees  of  reaction  are  less  convincing. 

DISCUSSION 

Quantitative  experimental  and  theoretical 
studies  of  the  response  of  explosives  to  frag¬ 
ment  impact  have  tended  to  focus  on  direct  in¬ 
itiation  of  detonation  by  shock.  Tests  to 
evaluate  the  well  known  Walker  and  Wasley  (2) 
critical  energy  fluence  criterion, 

Ec=pn; 

Q)u 

where  P  is  shock  pressure,  T  shock  duration,  Q0 
initial  density  and  u  shock  velocity  are  typical. 
In  this  type  of  experiment  explosives  are  sub¬ 
jected  to  impact  from  flat  plates  or  from  cylin¬ 
drical  projectiles  onto  the  bare  explosive  surface 
or  onto  metal  cover  plates  in  contact  with  the 
surface.  Apart  from  this  cover  plate,  tne  explo¬ 
sives  are  unconfined  or  very  lightly  confined. 
Reaction  either  transits  rapidly  to  detonation 
or  is  quenched  when  it  propagates  to  the  charge 
boundaries,  allowing  a  very  clear  distinction  to 
be  made  in  most  cases  between  detonation  and 
non-dentonation  regimes.  Thus,  for  example, 
Bahl,  Vantine  and  Weingart  (3)  were  able  to  pro 
duce  shock  initiation  threshold  curves  plotting 
projectile  diameter  against  impact  velocity  for 
bare  and  covered  PBX  9404  and  RX-26-AF. 
Green  (4)  has  given  a  simple  method  for 
calculating  these  thresholds  based  on  one 
dimensional  sustained  pressure  run  distance  to 
detonation. 

In  order  to  further  explore  possible  corre¬ 
lations  of  the  RARDE  Fragment  Attack  Test 
data  with  shock  sensitivity  and  to  facilitate 
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comparison  with  other  experimental  and 
theoretical  studies,  we  have  estimated  the  shock 
pressures  experienced  by  an  explosive  charge, 
Composition  B  for  modelling  purposes,  in  the 
test  for  various  impact  velocities.  Simple  1-D 
impedance  matching  calculations  for  the  impact 
of  a  steel  projectile  on  a  steel  septum  contac¬ 
ting  Composition  B  gave  a  pressure  in  the  ex¬ 
plosive  of  ~7GPa  for  an  impact  velocity  of 
1.0km  s'!.  Compared  to  the  LSGT  figure  of 
l.SGPa  for  50%  probability  of  initiation  of  Com¬ 
position  B  (5),  this  figure  suggests  that  prompt 
shock  initiation  of  Compositon  B  might  be 
possible  for  impact  velocities  rather  less  than 
1.0km  s*1. 

However,  several  workers,  notably  Gittings 
(6),  Trott  and  Jung  (7)  and  de  Longueville  (8), 
have  shown  that  threshold  conditions  for  shock 
initiation  are  determined  not  only  by  the 
amplitude  of  the  pressure  pulse,  but  also  by  its 
duration  and  it  is  just  such  considerations 
which  led  to  the*  Walker  and  W'asley  criterion 
(2).  Foan  and  Coley  (9)  applied  these  ideas  to  a 
gap  test  using  a  strain-compensated  pressure 
transducer  to  measure  the  critical  pressure-time 
profile  required  by  an  acceptor  charge  to  give 
a  50%  probability  of  initiation  for  a  variety  of 
donors  and  acceptors.  Clearly  any  attempt  to 
compare  results  from  fragment  impact  tests 
with  gap  test  data  must  incorporate  considera¬ 
tion  of  pulse  duration.  For  this  reason  Hull 
hydrococle  simulations  of  the  impact  event  were 
computed. 


Hydrocode  calculations  were  carried  out  for 
steel  projectile  impact  velocities  of  0.5, 1.0  and 
1.5km  s-1  onto  steel  or  aluminum  septa  cover¬ 
ing  a  material  represented  by  the  thermomechan¬ 
ical  properties  of  Composition  B.  No  attempt 
was  made  to  model  chemical  reactions.  Calcu¬ 
lated  peak  pressures,  peak  pressures  corrected 
for  numerical  overshoot  and  particle  velocities 
in  the  explosive  are  given  in  Table  3  with,  for 
comparison,  results  of  simple  1-D  calculations. 

When  allowance  is  made  for  the  numerical 
overshoot  in  peak  pressure  as  calculated  by  the 
hydrocode,  agreement  with  1-D  theory  is  good. 
However,  the  HULL  calculations  also  allow  the 
variation  in  pressure  and  particle  velocity  with 
time  to  be  monitored  and  these  calculations 
show  that  1-D  values  are  maintained  for  only 
very  short  times.  Thus  for  a  1.5km  s-!  impact 
of  a  steel  projectile  onto  a  steel  septum,  shock 
is  transmitted  into  the  explosive  some  0.9ps 
after  initial  impact  on  the  septum  and,  at  the 
same  time,  a  pressure  release  wave  moves  back 
into  the  septum.  After  1.4ps  this  release  wave 
reaches  the  septum  projectile  interface  and  this 
interface  begins  to  separate  so  that,  after  1.6ps, 
the  initial  shock  in  the  explosive  is  separated 
from  the  septum.  From  this  point  the  initial 
shock  is  no  longer  being  driven  by  the  projec¬ 
tile  impact  and  it  >•'  rapidly  dissipated  by  2-D 
decay  effects.  The  calculated  pressure-time  pro¬ 
file  with  correction  for  overshoot  is  shown  in 
Figure  5  for  a  point  just  below  the  explosive 
surface. 


TABLE  3 


Calculated  Pressures  and  Particle  Velocities  Produced  hy  Fragment  Impact 
a  .Steel  projectile/Steel  sept  it  mJCo  rnposit  ion  B 


Impact  Velocicy 
(km  s  ‘) 

1-D 

Hydrocode 

P 

(GPa) 

U 

(km  s  !) 

Ppeak 

(GPaf 

Pcorr 
(G  Pa) 

U 

(km  s~ ') 

1.5 

10.9 

1.24 

15.0 

11.0 

1.20 

1.0 

6.4 

0.84 

7.6 

6.6 

0.86 

0.5 

2.7 

_ 

0.43 

2.5 

1.5  _ 

0.45 

b.Steel  projectile/Aluminum  septum/Composition  B 


Impact  Velocicy 
(km  s  ‘) 

1-J 

Hydrocode 

^  ”1 

P 

(G  Pa) 

U 

(km  s  ‘) 

Ppeak 

(GPa) 

Pcorr 

(GPa) 

U 

(km  s'1) 

1.5 

12.5 

1.40 

16.0 

11.5 

1.30 

1.0 

7.3 

0.95 

8.8 

7.1 

0.93 

0.5 

34 

0.52 

3.4 

1.9 

0.54 
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Fig.  5.  Hydrocode  generated  pressure-time  pro¬ 
file  in  Composition  B  for  1.5km  s  impact  of  steel 
projectile  on  steel  septum  in  contact  with  the 
explosive 

Because  of  the  highly  divergent  geometry, 
plots  of  this  tyr  not  be  used  in  any  very 
simple  way  tc  car  '  energy  fluence  for  com¬ 
parison  with  Walker  and  Wasley  criteria  (2),  nor 
can  they  be  compared  directly  with  the  critical 
pressure-time  profiles  obtained  by  Foan  and 
Coley  (9)  in  a  rather  different  geometry. 
However,  it  is  clear  that  the  prompt  shock  in¬ 
itiation  of  PE 4,  a  relatively  shock  sensitive  high 
explosive,  must  require  an  impact  vlelocity  in 
this  test  configuration  in  excess  of  1.6km  s'1, 
the  minimum  velocity  at  which  Degree  4  events 
are  observed  in  PE4.  Similarly,  prompt  shock 
initiation  of  relatively  shock  insensitive  CTX-1 
requires  an  impact  velocity  in  excess  of  2.0km 
s  *.  Torpex  2B.  RGPA  and  RDX/TNT  Type  A 
are  all  less  sensitive  to  shock  than  PE4  but  all 
give  Degree  4  events  at  lower  impact  velocities. 
Similarly,  TNT  is  less  sensitive  to  shock  than 
CTX-1  but  gives  Degree  4  events  at  lower  im¬ 
pact  velocities.  These  events  cannot  be  produc¬ 
ed  as  a  result  of  prompt  shock  initiation. 

This  conclusion  is  supported  by  Figure  4 
which  shows  a  good  correlation  between  explo¬ 
siveness  and  the  minimum  impact  velocity  for 
a  Degree  4  event.  The  implication  is  that  the 
violence  of  the  observed  event  is  a  function  of 
competition  between  the  rate  of  acceleration  of 
reaction  in  the  explosive  and  the  rate  of  failure 
of  the  confinement.  Degree  4  events  are  observed 
when  these  rates  allow  the  development  of  a 
very  rapid  reaction— perhaps  involving 
deflagration  to  detonation  transition  (DDT)— 
before  confinement  is  breached.  Relatively  fran¬ 


gible  explosives  such  as  RDX/TNT  Type  A  tend 
to  facilitate  propagation  of  such  rapidly  ac¬ 
celerating  reactions  and  hence  give  Degree  4 
responses  at  velocities  substantially  below  the 
threshold  for  prompt  shock  initiation.  On  the 
other  hand,  propagation  of  deflagrative  reac¬ 
tions  in  PE4,  a  dough-like  plastic  explosive,  is 
slow.  Many  experiments  in  a  variety  of  test 
vehicles  have  shown  that  it  is  difficult,  if  not 
impossible,  to  induce  violent  reactions  in  PE4 
by  any  other  mechanism  than  prompt  shock  in¬ 
itiation.  It  is  likely  therefore  that  the  minimum 
impact  velocity  for  a  Degree  4  event  does  in  this 
case  represent  the  critical  velocity  for  prompt 
shock  initiation. 

The  behaviour  of  CTX-1  in  the  Fragment  At¬ 
tack  Test  is  also  consistent  with  the  view  that 
for  most  materials  violent  reactions  occur  under 
conditions  below  the  prompt  initiation 
threshold.  Although  CTX-1  is  relatively  frangi¬ 
ble  and  the  ammonium  perchlorate  component 
in  CTX-1  is  sensitive  to  ignition  by  impact,  reac¬ 
tion  in  CTX-1  proceeds  by  an  inter-  rather  than 
intra-molecular  mechanism  and  is  thus  intrin¬ 
sically  slower  than  reactions  in  more  conven¬ 
tional  explosives.  For  this  reason,  although 
reaction  can  be  induced  at  relatively  low  impact 
velocities.  Degree  1  events  being  observed  at 
~900m  s'1,  these  reactions  never  accelerate 
sufficiently  to  give  a  Degree  4  event.  Presuma¬ 
bly  Degree  4  events  will  only  be  observed  in 
CTX-1  at  impact  velocities  sufficient  to  give 
prompt  initiation.  These  velocities  are  outside 
the  range  of  the  present  test  with  steel  end  caps. 

Clearly  it  is  not  desirable  that  munitions 
should  give  violent  responses  to  projectile  im¬ 
pacts  at  velocities  substantially  below  the 
threshold  prompt  shock  initiation  condition. 
This  confined  fragment  impact  test  demon¬ 
strates  that  the  tendency  of  explosives  to  give 
such  a  response  is  a  function  not  of  the  sensitiv¬ 
ity  or  sensitiveness  of  the  explosives  but  of  their 
explosiveness.  More  work  needs  to  be  done  to 
identify  the  prompt  shock  initiation  threshold 
for  a  range  of  explosives  and  to  compare  this 
threshold  with  the  minimum  impact  velocity  for 
Degree  4  reactions.  Both  experimental  and 
hydrocode  studies  to  tiiis  end  are  now  underway. 

A  consequence  of  the  significance  of  explo¬ 
siveness  in  determining  the  responses  of  cased 
explosive  charges  to  fragment  impact  is  that 
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for  violent,  Degree  4  type,  events  the  exact 
mode  of  ignition  is  unimportrant.  This  conclu¬ 
sion  is  implicit  in  Figure  4d,  which  shows  a  cor¬ 
relation  between  data  obtained  with  very  dif¬ 
ferent  initial  stimuli  and  it  also  follows  from  con¬ 
sideration  of  the  explosive  reaction  in  terms  of 
a  simple  qualitative  ignition  and  growth  model. 
For  violent  reactions  the  extent  of  reaction  at 
the  initially  produced  hot-spots  will  represent 
only  a  tiny  fraction  of  the  whole;  response  is 
dominated  by  growth  rather  than  by  ignition. 
Thus  it  should  prove  possible  to  model  violent 
responses  to  fragment  impact  without  detailed 
knowledge  of  the  ignition  process.  This  is  not 
true  for  responses  of  a  lesser  degree  of  violence. 
As  Figure  4  shows,  responses  of  Degrees  3  to 
1  are  much  less  well  correlated  with  ex¬ 
plosiveness.  In  these  cases  sensitiveness,  and 
hence  the  method  by  which  hot-spots  are  actual¬ 
ly  formed,  becomes  of  much  more  significance. 

FUTURE  WORK 

Improved  understanding  of  the  response  of 
cased  explosives  to  fragment  impact  depends 
on  the  develpment  of  quantitative  descriptions 
of  this  phenomenon.  One  of  the  greatest 
weaknesses  of  the  RARDE  Fragment  Attack 
Test  as  it  is  currently  conducted  is  the 
qualitative  and  subjective  nature  of  the  measure 
of  response  in  terms  of  Degrees  1-4.  In  par¬ 
ticular,  it  would  be  major  advance  to  be  able  to 
distinguish  between  Degree  4  responses  which 
involve  prompt  shock  initiation  and  those  which 
involve  ignition  and  subsequent  growth  of  reac¬ 
tion.  As  a  first  step  to  meeting  this  requirement, 
fragment  attack  test  vehicles  are  being  in¬ 
strumented  with  strain  gauges.  This  work  is  be¬ 
ing  supported  by  further  hydrocode  calculations 
and  by  attempts  to  utilize  hydrocode  generated 
pressure-time  and  pressure-space  profiles  to 
generate  critical  enegy  fluence  criterion  data. 

In  addition  to  better  experimental  and 
theoretical  tools  to  identify  prompt  shock  initia¬ 
tion  thresholds  for  impact  on  cased  charges,  a 
description  of  the  ignition  and  growth  process 
at  lower  velocities  is  also  required.  The  data 
presented  in  this  paper  indicate  that  for  violent 
responses  this  description  can  be  based  on 
models  of  the  RARDE  Small-Scale  Burning 
Tube  measure  of  explosiveness.  It  is  intended 
that  the  Burning  Tube  ignition  system  should 


be  modified  to  provide  a  more  nearly  planar 
reaction  front  and  to  allow  a  more  accurate 
assessment  of  the  onset  of  the  reaction.  The  ex¬ 
periment  will  then  be  instrumented  using  exter¬ 
nally  mounted  gauges  and  internal  pressure 
gauges  to  give  a  measure  of  reaction  growth 
which  can  be  used  to  assess  numerical  models. 

CONCLUSION 

The  threshold  velocity  for  the  onset  of  violent 
reactions  in  the  RARDE  Fragment  Attack  Test 
is  a  function  not  of  the  shock  sensitivity  of  the 
explosives  charge  but  of  its  explosiveness. 
Numerical  modelling  of  this  response  should 
therefore  be  possible  without  detailed  know¬ 
ledge  of  the  physics  and  chemistry  of  the  igni¬ 
tion  process.  Instrumented  RARDE  Burning 
Tube  Tests  should  provide  a  useful  test  vehicle 
for  such  models.  Improved  experimental  and 
theoretical  techniques  are  required  to  define  the 
impact  conditions  under  which  prompt  shock  in¬ 
itiation  does  become  a  significant  reaction 
mechanism. 
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RESPONSE  OF  CONFINED  EXPLOSIVE 
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ARRANGEMENT  OF  FRAGMENT 
ATTACK  EQUIPMENT. 


RESPONSE  OF  THE  CHARGE  TO  THE  IMPACT  IS  ASSESSED  IN  TERMS  OF 
THE  DAMAGE  TO  THE  VEHICLE  ACCORDING  TO  THE  FOLLOWING 

CATEGORIES:- 


Oegiee  0  No  visible  sign  of  reaction  alter 
penetralion  ol  the  septum  by  the 
projectile 


Degree  l  Hint  of  a  burning  reaction  which 
has  laded  rapidly  no  obvious 
consumption  explosive 


Degree  2  Oetachmenl  ol  the  septum,  up  to 
20%  ol  explosive  consumed 


Oeg/ee  3  Septum  detached,  vehicle  intact 
or  bioken  into  large  fragments, 
more  than  20%  ol  explosivo  consumed 


Degree  4  100%  ol  explosive  consumed  in  a 

very  violent  reaction  characterised 
by  breaking  up  ol  vehicle  into 
very  mjny  small  fragments  showing 
evidence  ol  shsar  failure 


3ur:-:<ng 

REACTION 


VIOLENT 

REACTION 


LSGr  SHOCK  SENSITIVITY  (GPa) 


CORRELATION  BETWEEN  SHOCK  SENSITIVITY 
AND  ONSET  OF  DEGREE  4  REACTION 


CORRELATION  BETWEEN  RARDE  SMALL 
SCALE  BURNING  TUBE  EXPLOSIVENESS 
AND  ONSET  OF  DEGREES  1,  2,  3,  AND  4 

REACTIONS 
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FUTURE  WORK 


EXPERIMENTAL 

DISTINGUISH  BETWEEN  PROMPT  SHOCK  INITIATION  AND 
IGNITION  FOLLOWED  BY  DDT 


PHOTOGRAPHY 


STRAIN  GAUGES 


INSTRUMENT  BURNING  TUBE  -  STRAIN  GAUGES,  PRESSURE  PROBES 

THEORETICAL 

HYDROCODE  CALCULATIONS  OF  CRITICAL  ENERGY  FLUENCE 
CRITERION 

NUMERICAL  MODELLING  OF  SMALL  SCALE  BURNING  TUBE  TEST 

AIM 

TO  DEVELOP  A  PREDICTIVE  CAPABILITY  FOR  THE  RESPONSE  OF  CASED 
EXPLOSIVES  TO  FRAGMENT  IMPACT 


CONCLUSIONS 

THE  THRESHOLD  VELOCITY  FOR  THE  ONSET  OF  VIOLENT  REACTIONS  IN  THE 
RARDE  FRAGMENT  ATTACK  TEST  IS  A  FUNCTION  t*QT  OF  THE  SHOCK 
SENSITIVITY  OF  THE  EXPLOSIVE  CHARGE  BUT  OF  ITS  EXPLOSIVENESS 

NUMERICAL  MODELLING  OF  THIS  RESPONSE  SHOULD  BE  POSSIBLE  WITHOUT 
DETAILED  KNOWLEDGE  OF  THE  PHYSICS  AND  CHEMISTRY  OF  THE  IGNITION 
PROCESS 


INSTRUMENTED  RARDE  BURNING  TUBE  TEST  SHOULD  PROVIDE  A  USEFUL 
TEST  VEHICLE  FOR  SUCH  MODELS 


IMPROVED  EXPERIMENTAL  AND  THEORETICAL  TECHNIQUES  ARE  REQUIRED 
TO  DEFINE  THE  IMPACT  CONDITIONS  UNDER  WHICH  PROMPT  INITIATION 
DOES  BECOME  A  SIGNIFICANT  REACTION  MECHANISM 
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PRESSURE-SHEAR  LOADING  OF  PBX-9404 


L.  C.  Chhabildas,  M.  E.  Kipp 
Sandia  National  Laboratories 
Albuquerque,  New  Mexico  87185 


One  dimensional  pressure-shear  loading  techniques  have  been  used 
to  obtain  estimates  of  dynamic  shear  strength  of  PBX  9404  over  the 
stress  range  of  0.3  to  1.0  GPa.  A  single-stage  compressed  gas  gun 
was  used  to  obtain  normal  impact  of  a  projectile  on  a  Y-cut  quartz 
crystal  with  an  explosive  sample  bonded  to  its  rear  surface.  The 
anisotropic  nature  of  the  Y-cut  quartz  results  in  a  two-wave  struc¬ 
ture  having  particle  velocities  in  both  the  longitudinal  and  transverse 
directions.  Results  of  these  experiments  indicate  that  a  maximum 
shear  stress  of  0.04  GPa  is  obtained.  The  pulse  amplitude  and  the 
sample  thickness  in  the  present  experiments  are  not  optimal  to  in¬ 
vestigate  the  reaction  sensitivity  to  shear  loading.  Numerical  simula¬ 
tions  of  these  experiments  based  on  a  thermomechanical,  and  an 
elastic,  perfectly  plastic  model  are  reported. 


INTRODUCTION 

As  part  of  a  program  to  develop  material 
models  for  use  in  two*  and  three-dimensional 
computer  codes,  various  experimental  tech¬ 
niques  (1)  have  been  developed  to  obtain  the 
uniaxial-strain  loading  response  of  many  solid 
materials,  including  explosives.  With  these  re¬ 
cent  advances  in  experimental  capabilities,  the 
data  base  for  many  explosives  has  been  aug¬ 
mented  with  detailed  time-resolved  measure¬ 
ments  of  stress  or  particle  velocity  (2,3)  of 
shocked  explosives.  This  data  base  is  critical  to 
the  development  of  various  thermomechanical 
material  models  (4-6)  which  include  physical 
models  of  the  shock-initiation  process  and  which 
can  be  used  to  describe  the  response  of  explo¬ 
sive  components  subjected  to  a  variety  of 
loading  and  confinement  conditions.  Although 
considerable  progress  has  been  achieved  based 
on  hydrodynamic  assumptions,  a  need  exists  to 
extend  these  dynamic  studies  to  more  general¬ 
ized  loading  conditions.  The  dynamic  pressure- 
shear  loading  technique  (7,8)  is  one  experimen¬ 
tal  method  that  can  be  used  to  determine  direct¬ 
ly  the  dynamic  shear  strength  of  the  explosive, 
and  would  substantially  aid  in  the  development 
of  more  generalized  mechanical  material  models. 
Including  the  strength  of  the  explosive  may  be 


important  at  lower  stress  levels  of  loading 
where  shear  stresses  may  influence  the  extent 
or  rate  of  reaction. 

The  purpose  of  this  paper  is  to  report  the  first 
measurements  of  wessure-shear  loading  of  the 
explosive  PBX-9404  at  sub-detonation  stress 
levels.  PBX-9404  is  an  explosive  which  has  been 
investigated  thoroughly;  uniaxial-strain  data  (9) 
exist  from  a  few-tenths  of  a  GPa  to  tens  of  GPa; 
the  material  has  been  studied  under  various 
loading  conditions,  i.e.,  shock  (10),  reshock  (11), 
and  ramp  (12)  loading  conditions;  and  material 
models  have  also  been  developed  (4-6)  which  can 
numerically  simulate  most  of  these  experiments 
satisfactorily.  Pressure-shear  experiments  on 
PBX-9404  are  expected  to  complement  these 
previous  studies.  They  will  allow  the  evaluation 
and  development  of  material  models  under  more 
general  loading  conditions  for  use  in  three- 
dimensional  computer  codes. 

The  pressure-shear  experiments  reported  in 
this  paper  have  been  performed  over  the  stress 
range  of  0.3  to  1.0  GPa.  These  experiments  have 
been  specifically  limited  to  sub-detonation 
stress  levels,  to  obtain  estimates  of  dynamic 
shear  strength  of  the  explosive.  Information 
regarding  its  dynamic  material  strength  at  sub- 
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detonation  stress  levels  cannot  be  obtained 
from  uniaxial-strain  experiments,  since  the 
measured  particle  velocity  or  stress  profiles 
tend  to  be  dispersive.  The  present  experiments 
indicate  that  a  maximum  of  0.04  GPa  shear 
stress  is  sustained  in  the  material  over  the 
stress  range  of  0.3  to  1.0  GPa,  but  do  not  deter¬ 
mine  the  reaction  sensitivity  of  PBX-9404  to 
shear  loading,  since  only  thin  samples  were 
investigated. 

In  the  following  section  the  experimental 
technique  is  described  in  detail.  The  experimen¬ 
tal  results  and  numerical  simulations  are 
discussed  in  subsequent  sections. 

EXPERIMENTAL  TECHNIQUE 
Pressure— Shear  Loading  Technique 

The  technique  used  to  generate  one¬ 
dimensional  pressure-shear  waves  (7)  in  the  ex¬ 
plosive  specimens  is  depicted  in  Figure  1.  As  in¬ 
dicated  in  the  diagram,  a  projectile  impacts  a 
Y-cut  quartz  crystal  that  has  a  sample  bonded 
to  its  rear  surface.  The  projectile  is  accelerated 


(QT)  wave,  has  particle-velocity  changes 
primarily  in  the  transverse  (Z)  direction.  These 
waves  are  shown  as  QL  and  QT  in  Figure  2(a). 
The  particle  velocity  input  at  the  bonded  inter¬ 
face  is  indicated  in  Figure  2(b). 


1  «(.'  *1.  » j 


Fig  1  Ex  pen  me  till  impact  configuration  to 
produce  pressure-shear  loading  m  the  sample 

to  the  desired  impact  velocity  using  a  single- 
stage  compressed  gas  gun  (13).  Owing  to  the 
anisotropic  structure  of  crystalline  quartz,  a 
pure  longitudinal  wave  cannot  propagate  along 
its  Y-axis  (14).  Upon  normal  impact  of  Y-cut 
quartz,  a  two-wave  structure  is  generated  with 
both  waves  having  particle-velocity  changes  in 
both  the  longitudinal  and  transverse  directions, 
i.e.,  the  crystallographic  Y  and  Z  axes  of  the 
crystal  The  fast  wave,  denoted  as  a  quasilongi¬ 
tudinal  (QL)  wave,  has  particle-velocity  changes 
primarily  in  the  longitudinal  Y)  direction,  while 
the  slow  wave,  denoted  as  a  quasitransverse 


Fig.  2.  Response  of  Y-cut  quartz  to  normal  im¬ 
pact  loading.  The  stress  pulse  input  at  the  bond¬ 
ed  interface  is  indicated  in  (b). 

Upon  arrival  of  the  QL  wave  at  the  interface, 
the  sample  is  simultaneously  loaded  in  compres¬ 
sion  and  shear.  The  magnitudes  of  the  particle- 
velocity  changes  associated  with  the  arrival  of 
the  compression  wave  and  shear  wave  at  the 
free  surface  are  determined  using  two  velocity 
interferometers,  VISARs,  as  indicated  in  Figure 
1.  By  using  one  incident  beam  and  monitoring 
two  reflected  beams  at  angles  +6i  and  -02, 
the  longitudinal  velocity  U(t)  and  the  transverse 
velocity  V(t)  can  be  determined  simultaneous¬ 
ly  (15).  The  two  velocities  measured  by  the  in¬ 
terferometers  are  related  to  U(t)  and  V(t)  by 

u(  +  0,,t)=  -UUlU+cosfM+ivitlsinf^,  (1) 

1  2  2 

and 

u(  -  02,t)= ^  U(t)(  1  +  cos02)  -  £ V(t)sin02.  (2) 

The  velocity  u(0,t)  measured  by  each  interfero¬ 
meter  is  related  to  the  number  of  observed 
fringe  shifts  F(t)  by  the  relation. 


u(t-ir)= 

2 


A  F(t) 
2t  (1+d) 


(3) 


where  A  is  the  wavelength  of  the  light  used 
(514.5  nm).  Fringes  are  produced  in  the  in¬ 
terferometer  by  superimposing  the  light 
reflected  from  the  target  at  any  time  with  the 
light  that  was  reflectd  earlier  in  time  by  the 
delay  time,  t,  in  the  interferometer.  The  delay 
time,  t,  was  introduced  by  using  either  glass 
etalons  (16)  or  a  lens  combination  (17)  in  the 
delay  leg  of  the  interferometer.  6  is  a  correction 
term  due  to  the  wavelength  dependence  of  the 
refractive  index  of  the  etalon  material  (18). 
d=o.034  when  etalons  are  used,  otherwise  d=0. 

Reflected  beams  at  0t  and  —02  from  the  in¬ 
cident  beam  can  be  obtained  by  preferentially 
scratching  the  reflecting  mirror  on  the  free  sur¬ 
face  of  the  explosive  specimen.  Care  was  taken, 
however,  to  ensure  that  these  marks  were  per¬ 
pendicular  to  the  plane  of  transverse  wave 
propagation. 

The  projectile  velocity  was  determined  to  an 
accuracy  of  0.2*7  by  measuring  the  transit  time 
of  the  projectile  between  two  precisely  spaced 
charged  pins  located  on  the  target  plate.  Impact 
tilt  was  determined  by  measuring  the  simulta¬ 
neity  of  the  projectile  surface  arrival  at  an  ar¬ 
ray  of  co-planar  charged  pins  located  on  the 
target  plate.  The  average  tilt  for  this  series  of 
shots  was  determined  to  be  less  than  0.5  mrad. 
These  pins  also  provide  fiducial  signals  used  to 
determine  transit  times  to  the  rear  surface  of 
the  specimen. 


Sample  Preparation 

The  PBX-9404  samples  studied  in  this  in¬ 
vestigation  are  from  the  same  batch  of  material 
used  in  previous  uniaxial-strain  experiments 
(Ref.  6,  10-12).  As  indicated  above,  the  samples 
were  bonded  to  Y-cut  quartz  crystals.  To 
minimize  any  slippage  at  the  sample-c-ystal  in¬ 
terface  an  alumina-filled  epoxy  bond  was  utiliz¬ 
ed.  Alumina  particles  were  mixed  with  an  epoxy 
resin  Hysol  RE2038  and  hardener  Hysol 
1ID3404  (9),  having  characteristic  dimensions 
of  5-15  microns  in  the  ratio  300/80'2G  by  weight. 
This  epoxy  and  hardener  does  not  react  with  the 
explosive.  This  bond  has  been  previously 
demonstrated  (21)  to  support  a  shear  stress  of 
at  least  0.6  GPa. 

Since  interferometric  techniques  were  used  to 


measure  pressure-shear  waves,  reflective 
coatings  were  necessary  at  the  free  surface  of 
the  explosive  sample.  Attempts  at  vapor 
depositing  aluminum  coatings  were  not  suc¬ 
cessful,  since  the  nitrocellulose  in  the  PBX-9404 
melted  as  the  temperature  of  the  explosive  rose 
to  approximately  150°C,  leaving  a  blistered  sur¬ 
face  after  the  process.  An  aluminum  foil  25  pm 
thick  was  therefore  bonded  to  the  free  surface 
using  the  above  mentioned  epoxy  and  hardener. 
It  was  found  necessary  to  degrease  and  deionize 
the  foil  so  that  it  would  adhere  to  the  explosive 
sample. 

RESULTS  AND  DISCUSSION 

The  summary  of  impact  conditions  for  the 
series  of  experiments  performed  on  the  ex¬ 
plosive  PBX-9404  is  tabulated  in  Table  I.  Y-cut 
quartz  crystals  12.7  mm  thick  were  used  to 
generate  pressure-shear  waves  in  the  2.996-mm 
thick  explosive  sample.  Impactor  materials 
(1 2.7-mm  thick)  used  were  PMMA  (polymethyl 
methacrylate)  in  experiments  EXPl  and  EXP2, 
and  6061-T6  aluminum  in  experiment  EXP3. 
An  example  of  the  longitudinal  and  transverse 
free-surface  velocity  profiles  obtained  in  the 
pressure-shear  experiments  is  indicated  in 
Figure  3,  for  experiment  EXP2. 


Fig.  3.  Measured  longitudinal  and  transverse 
free-surface  velocity  profiles  for  experiment 
EXP2 

Wave  Velocities 

The  arrival  time  of  the  longitudinal  wave  at  the 
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TABLE  1 


Results  of  Impact  Experiments 


Shot 

No. 

Impact 

Vel. 

(km/s) 

Shock 

Vel. 

(km/s) 

Shear 

Vel. 

(km/s) 

Particle,a| 

Vel. 

(km/s) 

Shock'3' 

Stress 

(GPa) 

Strain'8' 

Rel.'b> 

Vel. 

(km/s) 

EXP1 

0.323 

2.54 

1.55 

0.063/0.086 

0.31/0.41 

0.025/0.034 

3.04 

EXP2 

0.495 

2.45 

1.65 

0.104/0.140 

0.48/0.66 

0.041/0.055 

3.32 

EXP3 

0.319 

2.54 

1.73 

0.176/0.228 

0.84/1.11 

0.068/0.088 

3.78 

Ref.  20 

2.34'cl 

1.57 

2.96 

13 ’The  two  different  values  reported  represent  longitudinal  values  and  result  from  the  two- wave  struc¬ 
ture  generated  by  the  Y-cut  quartz  crystal. 
lb)The  release  wave  velocity  is  assumed  to  be  the  elastic  wave  speed. 

'"'Calculated  bulk  velocity  based  on  ultrasonic  measurements. 

free  surface  of  the  explosive  is  determined  to 
within  0.040  ps.  The  uncertainty  in  estimating 
the  wave  arrival  time  is  primarily  due  to  (i)  im¬ 
pact  misalignment  between  the  projectile  and 
the  target,  (ii)  uncertainty  in  the  thickness  of 
the  glue  bond  between  the  sample  and  the  Y- 
cut  quartz  crystal,  and  (iii)  the  uncertainty  in 
estimating  the  reflective  foil/bond  thickness. 

The  measured  wave  velocity  for  the  toe  of  the 
longitudinal  wave  in  the  explosive  sample 
agreed  to  within  a  few  percent  of  the  ultrasonic 
wave  velocity  of  2.96  km/s  (20).  This  value  was 
therefore  used  as  a  fiducial  in  determining  the 
shock  velocity,  the  release  wave  velocity,  and 
the  shear-wave  velocity  for  the  explosive. 

These  values  are  listed  in  Table  1.  Due  to  the 
granular  structure  of  the  explosive,  finite  rise 
times  are  obtained  for  the  longitudinal  velocity 
profile,  and  the  shock  velocity  has  been  deter¬ 
mined  at  the  midpoint  of  the  first  wave.  As  in¬ 
dicated  in  Figure  4,  the  shock  velocity  decreases 
as  particle  velocity  increases  to  0.1  km/s,  and 
then  increases  again,  a  trend  that  has  been 
observed  previously  (12,  22)  for  the  explosive. 

This  behavior  is  usually  observed  for  porous 
materials  and  for  composites  where  the  consti¬ 
tuents  are  materials  that  differ  significantly  in 
shock  impedance.  It  is  conceivable  that  the  dif¬ 
ferences  in  the  shock  impedance  of  HMX  grains 
and  the  nitrocellulose  binder  coupled  with  slight 
l~  1.5%)  porosity  give  rise  to  this  behavior. 

The  anisotropic  nature  of  the  Y  cut  quartz 
crystal  introduces  a  two-step  longitudinal  load¬ 
ing  in  the  explosive  (see  Figure  2).  The  arrival 
time  of  the  leading  edge  of  the  second  wave  in 
the  longitudinal  profile  yields  estimates  of 
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Fig.  4.  Measured  shock  velocity,  release-wave 
velocity,  and  shear-wave  velocity  vs  particle 
velocity  in  PBX-9404.  The  values  indicated  at 
zero  particle  velocity  are  based  on  ultrasonic 
measurements. 

acoustic  sound  speed  in  the  shocked  state,  i.e., 
the  release  wave  velocity.  These  values  are  plot¬ 
ted  in  Figure  4  as  a  function  of  particle  veloc¬ 
ity.  The  Lagrangian  release  wave  velocity 
shows  a  systematic  increase  with  increasing 
particle  velocity  over  the  same  particle  veloci¬ 
ty  range.  The  leading  edge  of  the  shear-wave 
velocity  profile  is  used  to  determine  the  shear- 
wave  velocity.  The  shear-wave  velocity  is  also 
noted  to  increase  with  increasing  particle  veloci¬ 
ty,  although  the  percentage  increase  in  the 
shear-wave  velocity  is  less  than  that  observed 
for  the  release  wave  velocity.  If  the  release  wave 
velocity  is  assumed  to  be  the  elastic  wave  speed 


for  the  material  as  observed  for  other  materials, 
then  the  Poisson  ratio  for  the  explosive  is  noted 
to  increase  from  a  value  of  0.30  to  0.37  over  the 
particle  velocity  range  of  0.0  to  0.2  km/s. 

Shock  Stress  And  Shear  Stress  States 

An  incremental  centered  wave  analysis  has 
been  used  to  estimate  the  shock  stress  and  the 
shear  stress  sustained  in  the  explosive.  In  the 
absence  of  significant  chemical  reaction  behind 
the  shock  front,  this  analysis  should  be  valid  for 
the  explosive  as  it  is  for  other  materials.  The 
first  and  second  longitudinal  stress  states  in 
each  experiment  have  been  tabulated  in  Table  1. 

These  experiments  suggest  that  a  shear  stress 
of  approximately  0.04  GPa  is  sustained  in  the 
material.  When  compared  to  values  measured 
in  previous  pressure-shear  studies  for  other  ma¬ 
terials,  this  level  is  unusually  low.  Any  system¬ 
atic  trend  in  the  amplitude  of  the  shear  stress 
with  increasing  shock  stress  is  masked  due  to 
experimental  uncertainties.  The  experimental 
error  in  the  estimates  for  the  shear  stress  in  this 
series  of  experiments  is  approximately  25%. 
The  large  uncertainty  in  these  experiments  is 
a  direct  consequence  of  the  low  amplitude  for 
the  measurements  of  the  shear-wave  particle 
velocity.  Nevertheless,  the  present  investiga- 
t  ion  indicates  that  shear  stresses  of  magnitude 
0  04  GPa  can  be  sustained  in  the  explosive  over 
the  stress  range  studied.  The  present  results  for 
shock  stress  are  shown  in  Figure  5  as  a  func¬ 
tion  of  strain.  Due  to  low  amplitude  of  the  stress 
waves,  the  second  shock  states  have  been 
treated  as  Hugoniot  states.  A  cubic  fit  to  the 
data  shown  in  Figure  5  yields  o  =  12.41 1]  — 
18  1  Or;*  +  247.7 q1  where  o  is  the  shock  stress 
in  GPa  and  rj  is  the  shock  strain. 

Numerical  Simulation  of 
Experiments 

Most  reactive  models  that  have  been  used  to 
simulate  shock  loading  of  explosives  have  been 
assumed  to  be  hydrodynamic  primarily  because 
interest  focused  on  higher  pressures  than  are  be¬ 
ing  considered  here.  At  higher  pressures, 
hydrodynamic  behavior  clearly  dominates  the 
reactive  flow  process.  At  the  lower  pressure 
amplitudes  obtained  in  the  present  experiments, 
the  shear  response  can  be  modeled  by  superpos¬ 
ing  deviatoric  behavior  on  the  hydrodynamic 


volumetric  strain 


Fig.  5.  Shock  stress  >>s  shock  strain 

response  (23).  The  hydrodynamic  model  dis¬ 
cussed  by  Nunziato,  et  al.,  (6)  was  supplemented 
by  deviatoric  response  using  the  parameters  for 
yield  and  Poisson  ratio  obtained  in  this  study. 
For  reference,  a  standard  eiastic-perfectly 
plastic  model  in  TOODY  (23)  was  also  used  to 
calculate  these  experiments.  The  anisotropic 
model  for  the  Y-cut  quartz  is  described  by 
Chhabildas  and  Swegle  (7). 

Figure  6  summarizes  the  calculations  of  the 
three  experiments  for  the  longitudinal  response. 
We  note  that  the  eiastic-perfectly  plastic  model 
tends  to  preserve  the  elastic  precursor,  whereas 
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Fig.  6.  Calculated  and  measured  free-surface 
velocity  profiles  for  the  longitudinal  wave  in  all 
experiments  based  on  two  different  equations 
of  state 
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the  reactive  model  tends  to  completely  lose  the 
structure  of  the  observed  waves.  The  presence 
of  porosity  which  is  included  in  the  reactive 
model  but  not  in  the  elastic-perfectly  plastic 
model  causes  the  wave  to  shock  up  at  low  ampli¬ 
tudes,  so  that  the  structure  of  the  wave  due  to 
strength  characteristics  is  lost.  There  is  clearly 
some  additional  modeling  to  be  done  if  the  struc¬ 
ture  of  the  wave  is  to  be  properly  characterized. 
In  addition,  if  a  reaction  takes  place,  one  ex¬ 
pects  the  strength  to  be  degraded,  and  hydrody¬ 
namic  behavior  to  again  dominate. 

The  calculational  simulations  indicated  in 
Figure  6  seem  to  suggest  that  minimizing  rate 
effects  in  the  hydrodynamic  model  (6)  ac  low 
stresses  could  be  adequate  in  representing  the 
present  experiments.  In  Figure  7  the  experimen¬ 
tal  pressure-shear  results  are  compared  to  the 
calculations  for  experiment  EXPl. 
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Fig  7  Calculated  and  measured  free-surface 
velocity  profiles  for  the  longitudinal  and 
transverse  waves  in  experiment  EXPl,  based  on 
two  different  equations  of  state 

The  agreement  for  the  shear  behavior  is  deemed 
satisfactory,  considering  that  additional  modeling 
is  still  necessary  to  reproduce  the  longitudinal 
profiles. 

Shear  Initiation  Of  Explosive 

Most  well  controlled  and  instrumented  studies 
on  stress  initiation  of  explosives  have  been  per¬ 
formed  under  uniaxial  strain  states  of  compres¬ 
sion.  However,  there  is  evidence  from  other  ex¬ 
periments  such  as  ballistic  impact,  skid  tests, 
or  penetration  experiments,  that  the  presence 
of  shear  may  sensitize  or  even  initiate  the  explo¬ 
sive.  Unlike  other  studies  in  the  past,  the  well 


controlled  pressure-shear  loading  techniques 
present  a  unique  opportunity  to  perform  instru¬ 
mented  studies  to  investigate  the  shear  initia¬ 
tion  of  explosive.  The  present  experiments  do 
not,  however,  allow  a  definitive  evaluation  on 
the  sensitivity  of  PBX-9404  to  shear  for  at  least 
two  reasons:  (i)  sample  thickness  used  in  this 
investigation  being  small,  the  stress  pulse  dura¬ 
tion  is  not  sufficient  for  the  reaction,  if  any,  to 
grow,  and  (ii)  any  initiation  due  to  shear  would 
tend  to  diminish  due  to  stress  relief  from  the 
free  surface.  The  stress  relief  from  the  free  sur¬ 
face  has  the  effect  of  lowering  the  stress  state 
in  the  explosive  during  shear  wave  propagation. 
This  can  be  alleviated  experimentally  either  by 
performing  tests  on  thick  specimens  or  by  us¬ 
ing  an  appropriate  window  to  maintain  the 
longitudinal  stress  states  for  a  longer  duration. 

The  oblique  plate-impact  experiment  (8)  would 
l>e  an  alternate  choice  for  pursuing  pressure-shear 
studies  on  explosives,  since  the  technique  would 
allow  a  convenient  method  to  investigate  thick 
specimens  and  at  the  same  time  maintain  one- 
dimensionality  for  longer  propagation  times.  The 
anisotropic  crystal  technique  employed  in  these 
studies,  although  adequate  for  determining  the 
shear-stress  states  in  the  explosive,  limits  the 
pulse  duration  available  in  the  explosive  sam¬ 
ple  if  one-dimensionality  is  to  be  maintained. 
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An  impact  impulse  on  a  full  density  intact  propellant  or  explosive 
must  be  of  high  intensity  (several  gigapascals)  to  initiate  detonation. 
Accident  situation  impact  impulses  are  typically  an  order  of 
magnitude  less  intense.  The  fact  that  detonation  can  arise  from  such 
lower  level  impulses  is  almost  always  the  result  of  secondary  com¬ 
pression  of  damaged  (i.  e.  lower  density)  material  We  have  in¬ 
vestigated  a  spectrum  of  possible  conditions  in  order  to  evaluate 
threshold  impact  values  which  will  cause  detonation  in  damaged  pro¬ 
pellants.  The  results  of  new  experiments  involving  in  situ  damage 
and  impact  of  two  propellants  are  reported. 


INTRODUCTION 

The  direct  initiation  of  shock  sensitive  pro¬ 
pellants  and  explosives  requires  an  intense 
shock  wave  with  a  magnitude  of  several 
gigapascals  and  a  duration  of  tens  of 
nanoseconds.  However,  under  special  conditions 
detonations  can  also  be  initiated  from  impulses 
an  order  of  magnitude  smaller.  Typically,  ac¬ 
cidental  explosions  are  the  result  these  rela¬ 
tively  low  level  impulses.  Their  understanding 
and  explanation  has  been  the  object  of  an  on¬ 
going  experimental  and  modeling  program  here 
at  the  Lawrence  Livermore  Laboratory'  as  v/ell 
as  many  other  major  laboratories  and  defense 
installations  for  a  number  of  years. 

We  have  studied  a  number  of  different  exper¬ 
imental  coniiguratmns  in  which  we  initiate 
violent  reactions  with  comparatively  low  level 
impulses  or  shocks  in  order  to  study  the  acci¬ 
dent  type  situation.  These  experiments  have 
one  thing  in  common.  They  involve  a  secondary 
compression  of  previously  damaged  or  low  den¬ 
sity  material. 

In  our  earlier  work  (1,2)  on  various  configu¬ 
rations  we  reported  the  following  experimental 
observations: 

1 .  For  a  cylinder  of  propellant  subjected  to  an 
air  shock  from  an  adjacent  explosion  im¬ 
mediately  after  it  had  been  impacted  and 


damaged  by  a  flying  projectile,  ihe  "throw 
distance”  for  sympathetic  initiation  is  drama¬ 
tically  increased  over  the  distance  required  to 
initiate  undamaged  or  unpreshocked  acceptor 
propellant.  The  orientation  of  the  target  propel¬ 
lant  cylinder  at  impact  has  little  or  no  effect  on 
the  sympathetic  detonation  "throw  distance." 

2.  For  simple  impact  of  the  plane  face  of  a 
right  cylindrical  projectile  on  the  plane  face 
of  a  cylindrical  acceptor  propellant  in  the  in 
pact  velocity  range  less  than  required  f(  r 
direct  shock  initiation,  delayed  detonations 
occur  in  certain  propellants  following  rare¬ 
faction  and  recompaction.  We  usually  call 
this  type  reaction  an  XDT. 

3 ,  For  an  impact  of  the  plane  face  of  a  cylindr: 
cal  projectile  on  the  curved  surface  of  a 
cylindrical  propellant  target,  the  propellant 
undergoes  deformation  and  fracture  but  in 
our  experiments  no  delayed  detonations 
have  been  observed.  Flash  radiography 
shows  a  flow  pattern  such  that  the  recom¬ 
pressed  region  must  be  very  much  smaller 
than  observed  in  planar  impact  so  that  there 


♦Work  performed  under  the  auspices  of  the  U.S. 
Department  of  Energy  by  the  Lawrence  Liver¬ 
more  National  Laboratory  under  contract  No. 
W-7405-ENG-48. 
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may  not  be  sufficient  recompaction  to  cause 
delayed  detonation.  It  is  worth  noting  that  in 
both  observations  “2”  and  “3”  there  is  consider¬ 
able  smoke  and  fire  evident  at  the  impact 
surface. 

4 .  For  a  somewhat  related  but  quite  different 
series  of  experiments,  a  granulated  propel¬ 
lant  confined  in  a  plastic  tube  and  com¬ 
pressed  by  a  moving  piston  was  observed 
to  undergo  a  transition  to  detonation.  These 
particular  experiments  were  evidence  that 
compaction  of  fractured  porous  propellant 
was  an  exceedingly  easy  route  to  detona¬ 
tion.  For  the  particular  propellants  re¬ 
ported,  the  compaction  pressure  required  to 
achieve  detonation  was  only  seventy  or 
eighty  megapascals.  This  is  about  the  same 
magnitude  as  the  stagnation  pressure  re¬ 
quired  to  achieve  detonation  in  the  sympa¬ 
thetic  detonation  experiments  mentioned 
under  1. 

In  this  paper  we  report  two  new  configuration 
experiments  on  one  new  propellant  (E)  as  well 
as  additional  experiments  with  one  of  the  same 
ones  (D)  reported  earlier. 

EXPERIMENTAL 

Two  propellants  containing  about  40%  HMX 
were  evaluated  in  the  present  series  of  experi¬ 
ments.  Their  mechanical  properties  are  given  in 
Table  1 .  Their  shock  sensitivity  as  measured  by 
the  Minimum  Priming  Charge  test  is  also  given. 


Propellant  D  and  E  can  both  be  considered  quite 
shock  sensitive  with  E  being  the  more  sensitive. 
It  is  in  fact  only  slightly  less  shock  sensitive 
than  PBX-9404  at  8.3  gigapascals  initiation 
pressure  using  run  distance  to  detonation  as  the 
measure  of  shock  sensitivity.  The  mechanical 
properties  of  propellant  E  as  measured  both  by 
low  and  high  strain  rate  methods  are  noteable. 
In  spite  of  the  high  jc  solids  content  of  propel¬ 
lant  E,  its  larg*1  elongation  would  class  it  as  very 
tough  propellant  and  one  that  would  not  be  ex¬ 
pected  to  produce  a  large  surface  area  under  im¬ 
pact  fracture. 

First,  76-mm  long  by  76-mm  diameter 
cylinders  of  propellant  E  were  subjected  to  axi- 
symmetrical  impacts  in  the  standard  configura¬ 
tion  (1)  to  establish  the  threshold  velocity  for 
delayed  detonation  or  XDT.  The  results  are 
summarized  in  Table  2.  Values  previously 
reported  for  propellant  D  (1)  are  summarized  in 
Table  3  and  compared  to  propellant  E  in  Fig. 
1.  The  results  suggest  that  propellant  E  is  less 
susceptible  to  delayed  detonation  than  propel¬ 
lant  D.  An  explanation  that  has  been  suggested 
involves  the  higher  shock  sensitivity  of  E. 
When  E  is  recovered  from  an  impact  it  is  always 
much  more  shattered  than  D  at  the  same  veloc¬ 
ity,  in  spite  of  its  seemingly  greater  toughness. 
One  would  normally  think  that  this  shattering 
would  make  it  more  vulnerable  to  detonation  be¬ 
cause  of  the  greater  surface.  Calculations  (3)  in¬ 
dicate  that  the  gas  produced  from  a  reactive 


TABLE  l 

Properties  of  Propellants  "D”  and  “E" 


Propellant  D 

Propellant  E 

Mechanical  Properties 

Strain  rate  <1  per  sec 

Max  stress  (psi) 

100 

110 

Max  strain  {%) 

200 

400 

Strain  Rate  Ca.  5000  per  sec 

Peak  stress  (psi) 

450-500 

600-700 

Plateau  stress  (psi) 

300-250 

400-350 

Max  Strain  (%) 

27-32 

25-32 

Minimum  Priming  Charge  Test 

Mass  of  XTX  (mg) 

43.1 

27.8 

95%  conf.  limit  (log) 

0.05 

0.05 

XTX  radius  (mm) 

2.37 

2.05 

285 


shock  wave  works  against  recompression  and 
would  tend  to  make  a  delayed  detonation  more 
difficult  to  achieve.  In  fact,  the  minimum  prim¬ 
ing  charge  results  indicate  a  substantially 
greater  shock  sensitivity  than  for  propellant  D. 
Therefore,  it  seems  likely  that  both  the  highly 
shattered  samples  and  the  high  threshold  veloc¬ 
ity  value  observed  for  delayed  detonation  are 
both  due  to  gas  from  the  reactive  shock.  If  this 
hypothesis  is  true,  a  larger  test  sample  of  pro¬ 
pellant  E  would  have  a  lower  threshold  velocity, 
not  only  because  the  greater  inertia  would  con¬ 
fine  the  reaction  for  a  longer  period  of  time,  but 
also  because  much  less  gas  would  be  produced 
by  the  lower  impact  pressure,  allowing  more 
efficient  recompression  of  the  propellant. 

Most  delayed  detonation  thresholds,  when  ob¬ 
served  for  large  samples,  are  at  a  pressure  of 
about  one  half  that  required  for  a  direct  shock 
initiation  of  the  test  sample.  This  same  argu¬ 
ment  can  also  be  applied  to  the  failure  of  the 
18-mm  shotgun  test  to  detonate  a  highly  reac¬ 
tive  propellant  ("A”)  which  had  a  threshold 
velocity  of  only  150  m/s  in  a  152-mra  diameter 
axisymmetrica!  impact. 

Next,  we  subjected  solid  cylinders  of  propel¬ 
lant  to  tandem  side-on  impact  of  the  curved  sur¬ 
faces  and,  finally  we  subjected  perforated  cylin¬ 
ders  to  both  axisymmetrical  and  side-on  impact. 
These  impact  configurations  are  considered  ap¬ 
plicable  to  realistic  scenarios  that  could  occur  in 
an  accident  situation.  We  were  particularly  in¬ 
terested  to  see  if  these  tests  could  lead  to  deto¬ 
nation  of  propellants  at  velocities  comparable  to 
or  less  than  those  measured  for  delayed  detona¬ 
tion  from  axisymmetrical  impact  of  solid  cylin¬ 
ders  of  the  same  propellant.  The  arrangement  of 
the  tandem  side-on  impact  experiments  is  shown 
in  Fig.  2.  The  experiments  with  the  perforated 
cylinders  are  illustrated  in  Figs.  3a  and  b.  The 
experimental  results  are  tabulated  in  Tables  4 
and  5  and  graphically  displayed  in  Fig.  4. 

Propellant  E,  when  these  experiments  were 
done,  was  expected  to  be  rather  insensitive  based 
on  what  we  knew  of  its  mechanical  properties. 
Instead,  the  side-on  tandem  impact  proved  to  be 
an  easy  path  to  produce  detonation  and  we  ran 
out  of  test  samples  before  we  had  established  a 
threshold  velocity.  Furthermore,  these  reactions 
were  observed  in  smaller  cylinders  than  we  nor¬ 
mally  test,  i.e.  01 -mm  size.  It  is  significant  that 
test  samples  of  a  size  smaller  than  used  in  the 


axisymmetrical  impact  experiments  were  ob¬ 
served  to  detonate  at  such  low  impact  velocities. 
This  means  that  in  a  real  life  situation  fairly  small 
chunks  could  very  well  detonate  from  tandem 
impact  at  easily  attainable  velocities.  The  size 
limits  have  not  been  explored.  In  the  case  of  pro¬ 
pellant  D,  size  did  not  seem  to  play  an  impor¬ 
tant  role  in  the  two  sizes  tested. 

Impact  experiments  on  the  perforated  cylin¬ 
ders  of  propellant  D  did  not  show  that  the  per¬ 
foration  increased  sensitivity,  Table  5.  In  fact, 
no  side-on  impacts  resulted  in  detonations.  In 
the  axisymmetrical  case  the  central  hole  ac¬ 
tuary  desensitized  propellant  D.  Once  again  the 
results  were  not  as  expected. 

SUMMARY 

The  initiation  and  growth  of  delayed  detona¬ 
tions  from  comparatively  low-level  shocks  is  a 
result  of  the  interaction  of  mechanical  proper¬ 
ties  of  the  propellant  with  a  changing  shock  sen¬ 
sitivity  due  to  the  impact  generated  porosity. 
It  has  been  known  for  many  years  that  poros¬ 
ity  enhanced  the  shock  sensitivity  of  explosives. 
It  is  now  clear  that  most,  if  not  all,  delayed  det¬ 
onations  are  related  to  damage  induced  porosity 
or  from  substantial  initial  porosity.  Mechanical 
constitutive  properties  control  the  extent  and 
timing  of  fracture  and  creation  of  new  surface 
area  through  strain  rate  dependence.  Delayed 
detonation  is  seen  as  a  special  case  of  shock  in¬ 
itiation  that  operates  under  conditions  where 
the  shock  sensitivity  of  a  propellant  increases 
substantially  between  the  time  of  an  initial  im¬ 
pact  process  leading  to  fracture  and  rarefaction 
and  the  time  of  some  recompaction  process, 
which  generates  sufficient  shock  to  drive  the 
now  porous  propellant  to  detonation.  The  extent 
of  coupling  of  the  mechanical  and  kinetic  re¬ 
sponse  is  determined  by  sample  geometry  and 
the  chemical  nature  of  the  propellant. 

Consider  the  side-on  impact  of  a  propellant 
cylinder  vs.  the  axisymmetrical  impact.  At  the 
same  velocities  the  apparent  damage  appears  to 
be  similar.  However,  delayed  detonation  has  not 
been  observed  in  our  side-on  impact  experiments. 
There  is  considerable  fire  and  smoke  in  each  case, 
but  only  the  axisymmetrical  impact  leads  to 
delayed  detonation.  The  difference  is  believed  to 
be  due  to  a  timely  recompaction  mechanism  pre¬ 
sent  in  the  axisymmetric  case  which  is  largely 
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TABLE  2 

Results  of  Single  Axisymmetric  Impact  of  76-mm 
Dia  X  76-mm  Long  Propellant  E  Cylinders 


Impact  Vel. 

Results  of  Impact 

292 

No  reaction 

327 

Mild  reaction 

339 

Propellant  well 
shattered 

341 

No  impactor  damage 

359 

Moderate  reaction 
Propellant  consumed 
No  impactor  damage 

390 

Detonation  108  ps 
after  impact 

Impactor  shattered 

TABLE  3 

Results  of  Single  Axisymmetric  Impact  of  76-mm 
Dia.  X  7&mm  Long  Propellant  D  Cylinders 


Impact  Velocity  (mis) 

Mild  Reaction  Delayed  Detonation 

266 

308 

274 

313 

274 

318 

282 

324 

310 

337 

347 

321 

4U1 

341 

408 

406 

410 

absent  in  the  side-on  case.  Flash  x-ray  images  of 
impact  experiments  (4,5),  manganin  gauge  pres¬ 
sure  measurements  (2),  piston  compaction  experi¬ 
ments  (1,2),  delayed  shock  sympathetic  detona¬ 
tion  experiments  (2),  as  well  as  calculational 
models  by  Tarver  (1,2)  and  others  support  the  re¬ 
compaction  mechanism. 

The  present  tandem  side-on  impact  experi¬ 
ments  are  yet  another  example  of  how  impact 
damage  can  sensitize  propellant  to  shock.  The 
damaged  region  of  the  first  cylinder  is  subject  to 
recompression  as  it  impacts  the  second  cylinder 
and  detonates  from  much  lower  amplitude  shock 
than  would  be  the  case  for  undamaged  propellant. 


The  impact  velocities  are  below  those  required  for 
delayed  detonation  from  axisymmetrical  impact. 
This  is  additional  evidence  that  it  is  not  the  dam¬ 
age  level  from  single  impact  side-on  impact  exper¬ 
iments  which  prevents  the  development  of  delayed 
detonation  in  those  experiments.  Rather,  it  is 
the  absence  of  a  viable  recompaction  mechanism. 


TABLE  4A 

Tandem  Impact  of  51-mm  Dia.  X  51-mm  Long 
Propellant  E  Cylinders 


Impact  Vel. 
(m/s) 

Results  of  Impact 

248 

Detonation  45  ps  after  impact 

of  2nd  target 

263 

Detonation  14  ps  after  impact 

of  2nd  target 

268 

Detonation  33  ps  after  impact 

of  2nd  target 

297 

Detonation  21  ps  after  impact 

of  2nd  target 

TABLE  4B 

Tandem  Impact  of  51-mm  Dia.  X  51-mm  Long 
Propellant  D  Cylinders 


Impact  Vel. 
(m/s) 

Results  of  Impact 

248 

Mild  Reactic- 

262 

Detonation  87  ps  after  impact 

of  2nd  target 

297 

Detonation  68  us  after  impact 

of  2nd  target 

TABLE  4C 

Tandem  Impact  of  76-mm  Dia.  X  76-mm  Long 
Propellant  D  Cylinders 


Impact  Vel. 
(m/s) 

Results  of  Impact 

254 

Mild  Reaction 

272 

Mild  Reaction 

291 

Detonation  27  ps  after  impact 

of  2nd  target 
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STEEL  PROJECTILE 


AMALLY  PERFORATED 
PROPELLANT  TAnGET 


Fig.  3a.  Test  configuration  for  side-on  impact 
experiments  on  propellant  cylinders  with  axial 
holes 


STEEL  PROJECT ILE 


AXIALLY  PERFORATED 
PROPELLANT  TARGET 


Fig.  1.  Results  of  axisymmetrical  impact  test  on 
7&mm  dia.  x  7&mm  long  cylinder  of  propellants 
"D”  and  “E" 


Fig.  3b.  Test  configuration  for  axisymmetrical 
impact  experiments  on  propellant  cylinders  with 
axial  holes 


Fig.  2.  Test  configuration  for  tandem  sideon  impact  experiment 
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TABLE  5 

Results  of  Impact  Tests  on  Propellant  D  Cylinders  With  Axial  Holes 


Target  Size 
(mm) 

Axial  Hole 
Size  (mm) 

Orientation* 

Impact  Velocity 

Results  of  Impact 

76  dia.  X  76  long 

13 

320 

Mild  Reaction 

90° 

430 

Mild  Reaction 

76  dia.  X  76  long 

25 

269 

Mild  Reaction 

0° 

308 

Mild  Reaction 

0° 

325 

Mild  Reaction 

0° 

379 

Mild  Reaction 

0° 

387 

Mild  Reaction 

90° 

282 

Mild  Reaction 

90° 

347 

Mild  Reaction 

90° 

394 

Mild  Reaction 

76  dia.  X  76  long 

38 

0° 

331 

Mild  Reaction 

90° 

391 

Mild  Reaction 

*  0°  =  axisymmetrical  impact 
90°  =  side-on  impact 
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O 
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•  ■ 

♦ 

• 
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O 

•  □ 

O 

-  O  51-mm  dia.  x 

□  51-mm  dia.  x 

O  76-mm  dia.  x 

51  -mm  long  propellant  E 
51-mm  long  propellant  l> 
76-mm  long  propellant  D 

Detonation*  are  solid  symbols,  non-detonations 
open  symbols. 

Times  are  delay  to  detonation  after  impact  of 
second  cylinder. 

Fig.  4.  Results  of  tandem  side-on  impact  tests  on 
propellants  “D"  and  "E” 
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A  1 55-mm  smooth-bore  gun  has  been  used  to  further  explore  the 
detonation  threshold  of  impact-damaged  and  porous  propellant. 


Previous  work  showed  that: 

•  The  axisymmetrical  impact  of  a  propellant  cylinder  often 
resulted  in  a  delayed  detonation  (''XDT'')  a.  half  the  pressure 
required  for  direct  shock  initiation  of  the  size  tested. 


CD 


•  The  side-on  impact  of  a  propellant  cylinder  does  not  result  in  a 
delayed  detonation. 


•  There  is  a  dramatic  increase  in  the  sympathetic  detonation 
throw  distance  for  impact  damaged  propellant  compared  to 
undamaged.  Maximum  stagnation  shock  pressures  from  air 
shock  were  about  60  or  70  megapascals  at  the  threshold 
distance  for  detonation. 
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•  The  piston  compaction  of  ambient  temperature  non-burning 
porous  {70%  TMD)  propellant  in  a  plastic  pipe  is  a  very  easy 
route  to  detonation,  piston  velocities  of  150  m/s  and  resultant 
compaction  pressures  of  70  or  80  megapascals  being  sufficient 
to  cause  the  detonation  of  the  propellants  tested. 


The  present  work  explored  three  new  test  geometries,  they  were: 

1)  The  tandem  side-on  impact  of  two  solid  cylinders  of  propellant. 


2)  The  axisymmetrical  (0‘)  impact  of  a  perforated  cylinder  of 
propellant. 


?)  The  side-on  (90°)  impact  of  a  perforated  cylinder  of  propellant. 


Results  of  these  tests  are  summarized  in  the  figures  on  the  next  panel. 
In  addition,  the  axisymmetrical  impact  threshold  for  solid  cylinders  of 
propellant  "E"  is  compared  with  that  of  propellant  "D”. 
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EXPERIMENTAL  RESULTS 
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O  D  —  Non  detonation 

♦  0  —  Delayed  detonation 
O  i  —  Non  detonation 

•  £  —  Delayed  detonation 


300 


280 


n  260 


E  240 


0  51 -mm  dia  *  51  •mm  long  propellant  E 
□  51-mmdla  *  51  -mm  long  propellant  D 
O  76-mm  dia  *  76-mm  long  propellant  D 

Detonations  are  solid  symbols,  non-detonations 
open  symbols 

Times  are  delay  to  detonation  after  impact  of 
second  cylinder 


Results  of  axisymmetrical  impact 
experiments  on  76-mm  dia.  x  76-mm 
long  cylinders  of  propellants  "D” 
and  "E". 


Results  of  tandem  side-on  impact 
experiments  on  cylinders  of 
propellants  "O”  and  "E'\  All 
cylinder  separation  distances  were 
100  mm. 


Target  Size 
(mm) 

Axial  Hole 
Size  (mm) 

Orientation* 

Impact 

Velocity 

lm/sl 

Results 
of  Impact 

76  dia  -  76  long 

13 

O' 

320 

Mild  Reaction 

90' 

430 

Mild  Reaction 

76  dia  «  76  long 

25 

O' 

269 

i'1ild  Reaction 

O' 

308 

Mild  Reaction 

O' 

325 

Mild  Reaction 

O' 

379 

Mild  Reaction 

O' 

387 

Mild  Reaction 

90' 

282 

Mild  Reaction 

90' 

347 

Mild  Reaction 

90' 

394 

Mild  Reaction 

76  dia  •  76  long 

38 

O' 

331 

Mild  Reaction 

90' 

391 

Mild  Reaction 

*  0*  axisymmetrical  impact 
90'  .  side-on  impact 


Results  of  axisymmetrical  and  side-on  impact 
experiments  on  perforated  cylinders  of  propellant  “D”. 
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SUMMARY  OF  RESULTS 


•  Tandem  impact  experiments  are  another 
example  of  how  impact  damage  and  the 
resultant  porosity  can  greatly  enhance 
sensitivity  to  detonation  from  impact. 

•  Perforated  propellant  cylinders  did  not 
show  an  enhanced  tendency  to  detonjte 
either  from  axisymmetricai  impact  or 
from  side-on  impact  in  the  size  tested. 
Larger  scale  tests  might  yield  different 
results. 

•  The  initiation  of  detonation  in  porous 
propellant  by  low  amplitude  stimuli 
seems  to  require  a  mechanical 
compaction  process  which  may  be  driven 
either  by  direct  mechanical  means  or  by 
gas  generated  from  the  combustion  of 
propellant. 
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AN  EXPERIMENTAL  INVESTIGATION  OF  THE  ROLE  OF  SHEAR 
IN  INITIATION  OF  DETONATION  BY  IMPACT 


Philip  M.  Howe,  Gould  Gibbons,  Jr.,  Patricia  E.  Webber 
U.S.  Army  Ballistic  Research  Laboratory 
U.S.  Army  Materiel  Command 
Aberdeen  Proving  Ground,  Maryland 


Heavily  confined  explosive  targets  were  subjected  to  impacts  by 
explosively  launched  plates  and  by  penetrating  fragments.  In  each 
experiment,  the  damaged  explosive  was  collected,  sectioned,  and  ex¬ 
amined  by  optical  and  scanning  electron  microscopy.  A  number  of 
different  types  of  damage  was  observed  each  of  which  is  expected 
to  contribute  to  the  intitation  process.  The  response  of  the  explosive 
to  impacts  is  more  complicated  than  originally  thought.  Since  the 
explosive  is  mechanically  weak,  the  conditions  for  shear  damage  arc 
almost  entirely  controlled  by  casing  response  to  the  impact,  and  the 
domain  over  which  severe  damage  occurs  is  controlled  by  case  defor¬ 
mation.  We  are  as  yet  unable  to  rank  these  various  explosive  damage 
mechanisms  with  respect  to  their  importance  to  the  initation  process. 


INTRODUCTION 

In  recent  years,  numerous  investigators  have 
proposed  different  hot  spot  initiation  models  for 
the  impact  initiation  of  detonation.  Field,  et  al 
(1)  have  shown  that  catastrophic  shear  failures 
can  cause  ignition,  even  if  the  catastrophic 
shear  failures  occur  in  inert  plastics  rather  than 
in  the  explosive.  They  have  also  shown  that 
crack  propagation,  by  itself,  is  insufficient  for 
ignition,  but  have  speculated  that  the  crack 
generation  is  sensitizing.  Coffey  (2)  has  pro¬ 
posed  that  dislocation  pile  up  within  crystals 
can  cause  shear  banding,  which  in  turn  can  lead 
to  ignition.  Mader  (3)  has  used  a  hydrodynamic 
hot  spot  model  to  describe  initiation  and  has 
stated  that  the  hydrodynamic  hot  spot  model 
is  all  that  is  required  to  model  ignition  and 
buildup  to  detonation  for  higher  pressure  (kbar) 
shock  initiation  of  heterogeneous  explosives  (4). 
Cavity  collapse  processes  have  been  modelled 
by  Frey  (5),  using  an  extension  of  the  model  of 
Carroll  and  Holt  (6).  In  the  range  of  pressures 
of  interest  to  Frey,  the  hydrodynamic  heating 
processes  treated  by  Mader  were  less  important 
than  plastic  work  and  shear  processes. 

Most  of  these  models  were  developed  without 
access  to  experimental  results  under  conditions 


of  interest.  In  particular,  very  little  experimen¬ 
tal  work  has  been  published  describing  the 
various  damage  forms  arising  from  impacts 
upon  explosives  under  heavily  confined  condi¬ 
tions.  Furthermore,  given  that  a  multiplicity  of 
phenomena  could  contribute  to  the  initiation 
process,  it  becomes  important  to  identify  which 
ones  provide  the  most  significant  contributions. 
The  experimental  work  described  herein 
represents  a  first  attempt  at  characterizing  the 
material  response  processes  which  occur  within 
heavily  confined  explosive  charges  subjected  to 
impact. 

EXPERIMENTAL 

Samples  of  heavily  confined  explosive  charges 
were  impacted  by  flying  steel  plates.  Two  types 
of  TNT  loaded  projectiles  were  impacted,  cream¬ 
ed  and  not  creamed.  The  term  "creamed",  refers 
to  a  process  whereby  TNT  powder  is  added  to 
the  molten  batch  of  TNT  during  the  hot  melt 
casting  procedure.  The  addition  of  the  powder 
provides  a  largr;  number  of  nucleati^a  sites,  and 
induces  small  crystal  growth. 

The  76  mm  x  152  mm  x  6  mm  mild  steel  plates 
were  explosively  driven  by  Dupont  Deta  Sheet, 
and  were  thrown  at  340  and  440  m/sec.  The 
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impacted  rounds  were  prevented  from  hitting 
the  wall  of  the  firing  site  barbette  by  the  use 
of  sand  bags.  The  different  plate  velocities  pro¬ 
vided  different  initial  shocks,  and  different  rates 
of  projectile  deformation.  There  were  two 
variables  functioning  in  the  test  configuration, 
plate  velocity  and  TNT  grain  size.  Fig.  1  is 
typical  of  the  test  setup  in  this  firing  program. 


Fig.  1.  Schematic  of  test  setup  for  plate  impact 
experiments 


Control  samples  (not  impacted)  were  kept 
from  each  lot,  to  be  used  as  undamaged  stan¬ 
dards  in  the  microstructural  study  of  the  im¬ 
pacted  explosives. 

Both  the  control  and  impacted  projectiles 
were  remotely  cut,  and  cylindrical  sections  were 
removed  for  microscopic  investigation.  No 
fluids  were  used  in  the  cutting  process  so  as  to 
minimize  the  probability  of  contamination.  The 
sections  taken  were  approximately  50  mm 
thick.  Fig.  2  represents  a  typical  cut  projectile, 
and  Fig.  3  shows  a  cylindrical  section. 

Sample  corings  were  removed  from  various 
locations  within  the  sections  taken  from  the  cut 
rounds.  The  corings  were  removed  by  hand, 
using  a  standard  hole  saw;  no  power  equipment 
was  used  at  this  point  in  the  sample  prepara¬ 
tion.  The  samples  were  sanded  flat  on  one  side, 
so  that  the  flat  was  parallel  to  the  plate  impact; 
this  flat  provides  an  orientation  landmark  for 
the  direction  of  the  impact.  The  original  cut  sur¬ 
face  (made  when  the  round  was  sectioned),  and 
a  plane  parallel  to  the  cut  surface,  were  coarse 
sanded  using  150  grit  sandpaper  followed  by 


320  grit  sandpaper.  The  flat  opposite  the  cut 
surface  was  glued  to  an  aluminum  SEM  sam¬ 
ple  stud  using  a  silver  base  acrylic  paint. 


Fig.  2.  Test  projectile,  sectioned  after  impact. 
Section  was  obtained  from  the  center  of  the 
impacted  region 


Fig.  3.  Cylindrical  cross  section  of  impacted 
target.  Corings  were  removed  for  microscopic 
examination.  Top  view. 

The  surface  to  be  investigated  was  again 
sanded  in  final  preparation  for  polishing  using 
150  and  320  grit  sandpaper,  and  then  fine  sanded 
using  -100  and  600  grit  sandpaper.  All  sanding 
was  done  by  hand,  without  water.  An  effort  was 
made  to  keep  the  prepared  surface 
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perpendicular  to  the  axis  of  the  mounting  stud, 
and  obtain  a  smooth  600  grit  finish. 

After  sanding,  the  sample  was  hand  polished 
using  a  wool  polishing  cloth  saturated  with 
distilled  water.  The  wool  cloth  was  manufac¬ 
tured  by  Buehler,  Ltd.  The  Buehler  cloth  was 
cataloged  as,  “AB  Kitten  Ear”,  no.  40-7556. 
This  material  has  been  discontinued  by  Buehler, 
but  can  be  purchased  from: 

J.  I.  Morris  Company 
394  Elm  Street 
P.O.  Box  70 

Southbridge,  Mass.  01550 
Phone:  (617)  764-4394 
Item:  U-18  Pressed  Wool  Pad 

The  sample  being  polished  was  rinsed  with 
distilled  water,  and  dried  with  compressed  Freon. 
Polishing  was  done  with  a  light  pressure,  while 
moving  the  sample  in  a  figure  eight  motion. 

Optical  microscopic  examinations  were  done 
using  an  Optiphot  Microscope  by  Nikon.  Two 
types  of  surface  lighting  were  used;  polarized 
light,  and  normal  or  scattered  light.  Normal 
lighting  provides  the  best  delineation  of  the 
TNT  grains;  but  both  types  of  light  have  their 
advantages,  each  providing  different  data.  A 
partially  polarized  light  source  also  proved 
useful. 

Samples  for  scanning  electron  microscopic  ex¬ 
amination  were  prepared  by  sputtering  a  con¬ 
ductive  coating  of  gold,  or  gold/palladium  onto 
the  surface.  The  sputter  coating  for  this  work 
was  done  in  a  Denton  Vacuum,  Inc.;  Desk  1; 
Sput'sr  Unit.  A  gold/palladium  coating  was  ap¬ 
plied  at  an  argon  pressure  of  75  mtorr,  and  a 
current  of  15  mA  for  2  minutes.  These  sputter 
conditions  provide  a  conductive  film  thickness 
of  about  500  angstroms.  A  film  of  this  thickness 
has  been  found  to  be  the  minimum  thickness 
suitable  for  SEM  work  on  an  explosive  sample. 


The  sample  can  be  chemically  etched  after 
polishing  to  enhance  the  TNT  grain  boundaries. 
It  was  found  that  1,2-dichloroethane  is  an  excel¬ 
lent  solvent  for  etching  TNT.  This  chemical  is 
toxic  and  was  not  allowed  to  come  in  contact 
with  skin,  nor  were  the  vapors  inhaled.  Etching 
was  completed  by  dipping  the  sample  in  f-esh 
stirring  solvent,  for  3  seconds.  Dissolution  was 
quenched  after  3  seconds  by  immediate  immer¬ 
sion  in  distilled  water.  The  samples  were  rins¬ 
ed  with  distilled  water,  and  dried  with  com¬ 
pressed  Freon.  Pure  solvent  was  used  for  each 
sample  so  that  the  rate  of  dissolution  was  con¬ 
stant  from  sample  to  sample.  Mild  stirring  was 
effected  by  using  a  magnetic  stirrer. 

RESULTS  AND  DISCUSSION 

Examination  of  sections  of  artillery  shell  sub¬ 
jected  to  impacts  by  explosively  launched  plates 
revealed  several  phenomena  which  appear  to  be 
important  to  the  initiation  process.  The  inten¬ 
sity  with  which  these  phenomena  occur  is  an  in¬ 
creasing  function  of  severity  of  impact. 

Shown  in  Fig.  3  and  4  is  a  cross  sectional  view 
of  a  target  round,  which  had  been  impacted  at 
440  m/s  by  a  0.64  cm  steel  plate.  Near  the  point 
of  impact  is  a  kidney  bean  shaped  area  which 
has  been  severely  damaged.  Grains  have  been 
comminuted,  and  intergranular  separation  has 
occurred.  The  blackened  regions  are  localized 
areas  of  decomposition.  Chemical  analysis  indi¬ 
cates  that  the  decomposition  is  rather  complete; 
the  main  product  identified  as  being  present 
was  carbon.*  Microscopic  examination  of  these 
blackened  regions  revealed  two  morphologies, 
as  shown  schematically  in  Fig.  5  and  in  the 
microphotos  of  Fig.  6  and  7.  One  family  of  black¬ 
ened  regions  appears  as  relatively  long,  narrow 
region  oriented  parallel  to  lines  of  principal 
shear,  and  is  probably  an  example  of  shear- 
induced  hot  spot  formation.  Note  that  these 
regions  occur  at  grain  boundaries  and  as  shsar 


♦In  the  region  of  severe  blackening,  directly  behind  the  impact  point,  decomposition  of  TNT  was  confirmed 
by  chemical  analysis  The  black  material  was  found  to  be  carbon.  Surface  analysis,  via  X-Ray  Photoelectron 
Spectroscopy  (XPS),  indicated  the  possible  presence  of  o/idntion  products  of  TNT.  Peak  broadening  in  the 
XPS  spectra  indicated  the  presence  of  the  acid  or  aldehyde  derivative,  and  also  the  possibility  of  a  nitrile 
derivative.  TLC  was  used  to  further  evaluate  the  sample,  and  four  compounds  were  identified.  TLC  comparison 
with  reference  compounds,  and  mass  spectra  confirmed  the  four  compounds  as  TNI.  2, 4, 6  trinitrobenzaJdehyde; 
2,  4,  6  tnnitrobenzonitrile;  and  2,  4,  6  trinitrobenzaldoxime.  The  oxime  is  a  second  step  decomposition  pro¬ 
duct,  in  that  it  probably  results  from  the  reaction  of  trinitrobenzyl  anion  v/ith  nitrous  acid.  The  nitrile  is  then 
fornv'd  by  deh  /dration  of  the  oxime.  These  results  are  consistent  with  a  rather  complete,  localized  decomposi¬ 
tion  of  the  TNT.  (Private  communication  with  J.  Sharn.a;  NSWC;  White  Oak;  Silver  Spring,  Maryland  20910). 
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Fig.  4.  Bottom  view  of  cross  section  of  impacted 
sample.  Compare  with  Fig.  3;  note  difference  in 
deformation  and  blackened  region. 


Fig.  5.  Schematic  of  cross  section  of  round , 
showing  major  shear  cracks  and  regions  of  high 
damage 


Fig.  6.  Close  up  view  of  blackened  region. 
Blackening  is  a  result  of  chemical  decompo¬ 
sition . 


1 — -4 


Fig.  7.  Blackened  region  at  higher  magnifi¬ 
cation.  Note  boundary  between  case  and 
blackened  region. 


failures  within  individual  grains.  The  second 
family  of  blackened  regions  is  more  spherical  in 
nature,  has  no  preferred  orientation,  and  quite 
probably  is  a  result  of  cavity  collapse  processes. 
Note  that,  in  this  particular  sample,  the  number 
density  of  shear-induced  hot  spots  is  greater 
than  that  of  cavity  collapse-induced  hotspots, 
although  both  are  preien  l.  The  proportion  will 
be  a  function  of  sample  porosity  and  deviations 
from  planar,  uniaxial  flow. 

Between  the  bean-shaped  region  of  high 
damage  and  the  warhead  casing  is  a  narrow' 
band  showing  little  damage  (see  Fig.  3).  This 


band  is  reproducible  from  shot  to  shot.  Ap¬ 
parently,  it  was  caused  by  heat  conduction  to 
the  steel  casing.  If  this  is  true,  it  indicates  that 
the  decomposition  within  the  region  of  high 
damage  was  a  relatively  slow  process. 

The  volume  of  the  bean-shaped  region  of  high 
damage  correlates  with  case  deformation.  For 
similar  impact  geometries,  higher  impact  veloc¬ 
ities  produced  larger  damaged  volumes,  and 
greater  density  of  decomposed  regions  within 
these  volumes.  Where  case  thickness  variations 
cause  different  deformations,  the  damaged 
volume  appears  to  scale  with  total  deformation, 
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and  the  density  of  hot  spots  within  the  damaged 
volume  correlates  with  impact  velocity.  The  fact 
that  impacts  in  thinner  cases  yielded  larger 
regions  of  high  damage  indicates  that  the 
damage  was  caused  primarily  by  case  deforma¬ 
tion,  not  shock  loading,  as  small  changes  in  wall 
thickness  would  not  cause  appreciable  dif¬ 
ferences  in  shock  loading.  To  check  this,  com¬ 
puter  calculations  were  conducted  replicating 
the  impact  conditions.  Results  showed  that  the 
shock  loading  conditions  are  essentially  the 
same  for  the  two  impact  conditions. 

Each  of  the  impacted  samples  exhibited  a 
field  of  major  shear  cracks,  external  to  the 
regions  of  high  damage,  as  shown  in  Fig.  3  and 
4  and  as  shown  schematically  in  Fig.  5.  The 
width  of  individual  shear  cracks  was  found  to 
vary  significantly  and  randomly  across  a  sam¬ 
ple.  Cracks  as  wide  as  0.1  mm  and  as  narrow 
as  0.01  mm  were  observed.  Microscopic  exami¬ 
nation  oi  these  cracks  revealed  several  interest¬ 
ing  features.  In  the  wider  regions,  the  explosive 
was  severely  shattered  within  the  crack,  to  the 
point  where  integrity  of  the  sample  was  lost, 
and  polishing  was  difficult  or  impossible  (see 
Fig.  8).  In  the  narrower  regions,  cracking  and 
comminution  of  the  grains  occurred,  and  melt¬ 
ing  and  fusing  occurred  as  well.  In  these 
regions,  sample  integrity  was  reestablished,  and 
polishing  was  possible.  One  such  area  is  shown 
in  Fig.  9a  through  9c.  In  Fig.  9a,  partial  melting 
is  clearly  apparent.  Some  fractures  are  apparent 


0.  1  mm 


Fig,  8.  Microphoto  of  major  shear  crack  i.i  TNT. 
Darkened  region  at  end  of  crack  is  a  ’-esu.lt  of 
powdered  explosive  removed  from  sample  dur¬ 
ing  polishing. 


| - 1  0.05mm 


Fig.  9a.  Optical  micrograph  of  major  crack, 
showing  fracture  damage  and  some  internal 
healing  (plane  polarized  light) 


. |  0.05«« 


Fig.  9b.  Same  region  of  crack  as  in  Da,  viewed 
with  partially  polarized  light.  Note  outline  of 
grain  boundaries. 

within  the  crack,  but  most  have  been  healed.  At 
the  edges  of  the  crack,  many  small  fractures  are 
apparent.  These  may  have  occurred  after  crack 
formation  and  healing,  or  they  may  have 
occurred  during  crack  formation  but,  because 
they  were  at  the  edges  of  the  crack,  did  not 
reach  a  high  enough  temperature  to  heal.  Fig. 
9a  through  9c  are  photomicrographs  of  the 
same  region,  but  with  different  lighting,  to  high¬ 
light  different  crack  features.  Figure  9a  discussed 
above,  was  obtained  with  plane  polarized  light, 
to  reduce  surface  reflections.  Figure  9c  was 
obtained  with  unpolarized  light,  to  emphasize 
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Fig.  9c.  Crack  region  of  9a  viewed  with  reflected 
light.  Note  high  degree  of  flow,  grain  damage 
in  crack  region. 

surface  characteristics.  Here,  one  can  discuss 
the  intersection  of  grain  boundaries  with  the 
highly  polished  specimen  surface.  Note  the  large 
amount  of  flow  which  has  occurred  within  the 
region.  1  leaiing  of  internal  fractures  has  occurred, 
and  partial  melting  has  also  occurred.  Some 
discoloration  within  the  crack  was  noted,  indi¬ 
cating  that  partial  decomposition  may  have 
occurred.  Figure  9b  was  obtained  with  partial¬ 
ly  polarized  light  and  permits  comparison  of  9u 
and  9c.  having  some  features  of  each. 

The  majority  of  macroscopic  shear  cracks  ex¬ 
hibit  the  features  described  above.  Evidently, 
formation  of  these  cracks  involves  local  shear 
failures  over  a  wide  region,  with  shattering  and 
grinding  of  the  explosive  occuring  within  the 
crack.  If  the  motions  and  pressures  are  adequate, 
healing,  melting,  and  decompositon  can  occur. 
Occasionally,  macroscopic  shear  cracks  can  pro¬ 
pagate  with  relatively  little  damage  to  the  grain 
structure,  and  with  little  indication  of  decom¬ 
position  or  local  heating.  Such  a  crack  is  shown 
in  Fig.  10.  Note  that,  in  one  region,  the  crack 
width  has  narrowed  to  a  dimension  of  the  order 
of  a  grain  boundary.  Significant  slip  has  occur¬ 
red;  Fig.  1 1  shows  a  collage  made  by  cutting 
along  the  crack  and  matching  grain  boundaries. 
In  this  instance  the  total  slip  was  ~  0.94mm. 

Between  major  shear  cracks,  damage  is  con¬ 
siderably  less.  Impact  damage  shows  up  in  the 
form  of  internal  fractures,  separation  at  grain 


boundaries,  and  slip.  Slip  induced  by  impact  is 
relatively  easy  to  distinguish  from  slip  bands 
formed  during  crystallization  due  to  the  former 
displaying  crushed  regions  where  slip  bands 
meet  grain  boundaries.  An  example  of  incipient 
grain  boundary  separation  and  impact-induced 
slip  is  shown  in  Fig.  12.  For  comparison,  an 
unimpacted  sample  is  shown  in  Fig.  13.  In 
regions  distant  from  the  point  of  impact,  none 
of  these  damage  forms  showed  any  indication 
of  melting  or  significant  decomposition,  as  in¬ 
dicated  by  discoloration  of  the  sample,  and  such 
mild  damage  probably  does  not  contribute  to 
ignition.  However,  it  is  quite  likely  that  there 
would  be  a  significant  contribution  to  processes, 
such  as  g'4ain  burning,  which  are  involved  in  the 
post-ignition  buildup  to  detonation. 


I - ~|  O.Oimm 


Fig.  10.  Major  shear  crack  showing  region  of 
very  narrow  crack  width 


| - 1  o.oe 


Fig.  11.  Collage  made  from  Fig.  10  showing  ex¬ 
tent  of  slip  along  crack 
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Fig.  12.  Micrograph  showing  impact-induced 
slip  and  grain  boundary  damage 


1  0,0I«» 


Fig.  13.  Unimpacted  sample  showing  slip 

At  a  given  impact  velocity,  damage  was  found 
to  be  more  severe  in  the  large  grain  size 
(uncreamed)  TNT  titan  in  the  fine  grain  size 
(creamed)  samples.  This  difference  is  manifested 
most  strongly  in  the  region  of  high  damage, 
near  the  point  of  impact,  with  the  decomposi¬ 
tion  being  much  more  extensive  within  the 
damaged  volume,  and  the  damaged  volume 
much  larger  for  the  large  grain  sample. 

Increases  in  impact  velocity  led  to  increased 
damaged,  as  expected.  Fracture  damage  through¬ 
out  the  impacted  sample  is  more  severe  at  the 
higher  impact  velocity,  with  much  more  exten¬ 
sive  grain  separation,  internal  fracture  damage, 
slip,  and  macroscopic  shear  crack  formation.  At 
the  higher  impact  velocity,  the  number  of  macro¬ 
scopic  shear  cracks  is  greater,  and  the  extent 


of  melting  is  greater.  Discoloration  due  to  decom 
position  is  much  more  extensive  in  these  cracks. 
A  more  quantitative  description  must  await  ex¬ 
amination  of  samples  impacted  at  more  than 
two  velocities. 

A  few  experiments  were  conducted  using  gun 
launched  cylindricl  projectiles  which  led  to  per¬ 
forating  impacts.  The  region  of  high  damage 
observed  in  the  plate  impact  experiments  is 
replaced  by  cratering.  Away  from  the  crater, 
damage  to  the  sample  was  very  similar  to  that 
for  the  plate  impact  experiments.  However, 
almost  all  the  deformation  occurred  within  the 
TNT  phase,  with  the  RDX  relatively  untouched. 
This  is  shown  in  Fig.  14,  where  the  explosive 
was  composition  B  (60%  RDX.  40%  TNT). 
Chemical  analysis  identified  the  presence  of  par¬ 
tial  decomposition  products  of  TNT,  but  not  of 
RDX. 

In  addition  to  the  internal  damage,  there  is 
clear  evidence  of  significant  melting  and  flow 
away  from  the  point  of  impact,  between  the 
explosive  and  the  casing.  How  important  this 
is  to  initiation  is  unknown. 


H  o.oiw* 


Fig.  14.  Micrograph  of  major  shear  crack  region 
in  impacted  composition  B.  Most  of  shear 
occurs  in  TNT  phase. 

SUMMARY 

Heavily  confined  explosive  targets  were  sub¬ 
jected  to  impacts  by  explosively  launched  plates 
and  by  penetrating  fragments.  In  each  experi¬ 
ment,  the  damaged  explosive  was  collecte  J,  sec¬ 
tioned,  and  examined  by  optical  and  scanning 
electron  microscopy.  A  number  of  different 
types  of  damage  was  observed,  each  of  which 
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is  expected  to  contribute  to  the  initiation  process. 
Near  the  point  of  impact,  for  non-perforating 
impacts,  a  severly  damaged  region  was  observed. 
This  region  showed  evidence  of  decomposition 
of  the  explosive.  The  decomposition  within  this 
region  was  localized,  and  nearly  complete;  i.e., 
carbon  was  identified,  but  few  intermediate 
decomposition  products.  Separating  this  region 
of  high  damage  and  decompositon  from  the  cas¬ 
ing  was  a  thin  layer  of  explosive,  exhibiting  no 
significant  decomposition.  This  is  probably  a 
result  of  heat  transfer  to  the  casing,  and  indi¬ 
cates  that  the  decomposition  in  this  region  at 
the  impact  conditions  studied  was  rather  slow. 

Outside  the  region  of  high  damage,  the  explo¬ 
sive  exhibited  families  of  major  catastrophic 
shear  cracks.  The  width  of  these  cracks  varied 
from  'v0.01  mm  to  ru0.1  mm.  Evidence  of  melt¬ 
ing  and  decomposition  was  observed  in  the  thin¬ 
ner  regions  of  the  cracks. 

Results  of  impacts  with  perforating  frag¬ 
ments  were  similar  to  those  for  plate  impacts, 
except  that  cratering  replaced  the  region  of  high 
damage.  All  the  other  phenomena  were  quite 
similar. 

The  response  of  the  explosive  to  impacts  is 
more  complicated  than  originally  thought.  Since 
the  explosive  is  mechanically  weuk,  the  condi¬ 
tions  for  shear  damage  are  almost  entirely  con¬ 
trolled  by  casing  response  to  the  impact,  and 
the  domain  over  which  severe  damage  occurs  is 
controlled  by  case  deformation.  We  are  as  yet 


unable  to  rank  these  various  explosive  damage 
mechanisms  with  respect  to  their  importance  to 
the  initiation  process. 
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SOME  NEW  COMPUTED  RESULTS  FOR  PROJECTILE-IMPACT 
SHOCK  INITIATION  OF  SOLID  EXPLOSIVES 


Y.K.  Huang,  J.J.  Starkenberg,  and  A.L.  Arbuckle 
U.S.  Army  Ballistic  Research  Laboratory 
Aberdeen  Proving  Ground,  Maryland  21005-5066 


This  paper  offers  some  new  results  for  the  shock-to-detonation  tran¬ 
sition  of  bare  explosive  charges  due  to  impact  in  one  and  two  dimen¬ 
sions.  These  results  exhibit  a  number  of  general  trends  and  distinc¬ 
tive  patterns  which  are  represented  by  simple  linear  equations.  Their 
physical  basis  and  implications  are  discussed  in  this  paper,  and 
favorable  evidence  for  their  applicability  has  been  sought.  Thus,  this 
work  is  intended  to  contribute  not  only  to  further  understanding  of 
projectile-impact  shock  initiation  but  also  to  the  scaling  of  pertinent 
parameters  within  a  range  of  practical  interest. 


INTRODUCTION 

Substantial  experimental  (1-3)  and  computa¬ 
tional  (4,  5)  results  for  the  shock  initiation  of 
solid  explosives  by  projectile-impact  have  been 
reported  in  the  literature.  Yet  these  have  all 
gone  little  beyond  the  scaling  law: 

V=a+b/  \[o!>  (1) 
where  V  is  the  critical  impact  velocity,  0  is  the 
projectile  diameter,  and  a  and  b  are  empirical 
constants  (1).  In  two  recent  numerical  studies 
(6,7),  we  have  treated  this  problem  using  the 
reactive  hydrodynamic  computer  codes  (8),  SIN 
(one-dimensional)  and  2DE  (two-dimensional), 
for  the  respective  simulation  of  steel  plates  and 
steel  cylinders  impacting  bare  as  well  as  covered 
composition-B  charges.  Our  numerical  results 
describe  projectile-impact  shock  initiation  in 
more  detail  and  provide  further  correlations 
analogous  to  Equation  (1)  involving  buildup 
parameters. 

Because  the  shock  response  of  a  covered  ex¬ 
plosive  charge  is  rather  complicated,  we  only  re¬ 
examine  solutions  to  the  bare  charge  problem 
in  this  paper.  Our  numerical  results  for  both 
one-  and  two-dimensional  impact  (6)  are 
presented  in  such  a  manner  that  general  trends 
and  distinctive  patterns  can  be  readily  seen. 
Such  trends  and  patterns  are  the  bases  of  Equa¬ 
tion  (1)  and  further  correlations  developed  in 
this  work.  The  physical  basis  and  applicability 


of  these  relations  are  discussed  and  it  is  conclud¬ 
ed  that  the  critical  energy  criterion  is  applicable 
to  shock  initiation  by  both  one-  and  two- 
dimensional  impact.  However,  dimensionality 
affects  the  shock  buildup  due  to  the  absence  or 
presence  of  lateral  rarefaction  waves. 

NUMERICAL  RESULTS 

In  Table  1  we  list  some  of  the  75  material  con¬ 
stants  (9).  A  and  B  are  the  empirical  constants 
of  the  Pop  plot  (8),  (lnX=A+Bln  Pj),  in  consis¬ 
tent  units.  Using  these  data,  both  the  SIN  and 
2DE  codes  yield  numerical  results  which 
describe  the  shock  initiation  of  detonation  by 
impact  in  considerable  detail  (6,7).  It  is  wor¬ 
thwhile  to  re-examine  some  of  these  results  as 
presented  in  Tables  2  and  3  with  additional 
parameters  denoted  and  defined  as  follows: 
0=time  to  detonation,  A=distance  to  detona¬ 
tion,  (-U';0  (distance  traveled  by  the  initial 
shock  in  the  explosive  disregarding  its  buildup), 
X=(P:-Pj)/A  (shock  buildup  gradient),  and 
Y  =  (Pj-Pj)/0  (shock  buildup  rate).  These 
parameters  are  tabulated  for  slightly  super¬ 
critical  cases  in  Table  2  (for  the  one-dimensional 
problem)  and  in  Table  3  (for  projectile-impact). 

It  is  of  particular  interest  to  note  the  patterns 
of  V/Pj,  V20,  V20,  0/0,  and  X/P;  in  Table  2. 
They  appear  to  be  all  nearly  constant.  In  Table 
3  a  similar  trend  is  observed  for  V/Pit  V20,  V2A, 
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TABLE  1 

Material  Constants  (9) 


Material 

Initial 

Density 

Qo>  Q  o 

(g/cm3) 

Hugoniot 

Constants 

c,c'  s,s’ 

(mm/ps) 

Detonation 

Velocity 

D 

(mm/ps) 

CJ 

Pressure 

Pj 

(GPa) 

Pop  Plot 
Constants 

A  B 

Steel 

7.917 

4.58 

1.51 

— 

— 

— 

— 

Oomp.-B 

1.715 

2.47 

1.88 

8.08 

28.4 

4.095 

-1.134 

TABLE  2 

Results  from  SIN  Computation  (6) 


0* 

(mm) 

8 

10 

12 

15 

18 

V 

(mm/ps) 

1.3 

0.9 

0.8 

0.75 

0.65 

0.6 

Pi 

(GPa) 

8.4 

5.2 

4.5 

4.1 

3.4 

3.0 

u 

(mm/ps) 

0.22 

0.14 

0.12 

0.11 

0.09 

0.08 

t** 

(ps) 

2.07 

3.4) 

4.22 

5.09 

6.29 

7.59 

e 

(ps) 

0.79 

1.63 

2.12 

2.38 

3.13 

3.62 

A 

(mm) 

5.4 

9.3 

11.3 

12.5 

15.3 

17.3 

f 

(mm) 

3.6 

6.5 

8.2 

8.9 

11.1 

12.2 

V/Pj 

(mm/ps-GPa) 

0.15 

0.17 

0.18 

0.18 

0.19 

0.20 

P  jUt 

(GPa-mm) 

3.83 

2.48 

2.29 

2.29 

1.92 

1.82 

P;2t 

(GPa2-ps) 

146 

92.2 

85.4 

85.6 

72.7 

68.3 

V20 

(mnvVps2) 

8.45 

6.48 

6.40 

6.75 

6.34 

6.48 

V20 

(mm*/ps) 

1.34 

1.32 

1.36 

1.34 

1.32 

1.30 

0/0 

(ps/mm) 

0.16 

0.20 

0.21 

0.20 

0.21 

0.20 

X/Pj 

(mm-1) 

0.44 

0.48 

0.47 

0.48 

0.48 

0.49 

X/V 

(GPa-ps/mm2) 

2.85 

2.77 

2.65 

2.60 

2.50 

2.45 

Y/Pj 

(ps  !) 

3.0  i 

2.73 

2.51 

2.49 

2.35 

2.33 

Y/V 

(GPa/mm) 

19.5 

15.8 

14.1 

13.6 

12.3 

11.4 

A/0 

(mm/ps) 

6.8 

5.7 

5.3 

5.3 

4.9 

4.8 

*0  denotes  the  plate  thickness,  **t=20(joii/P|=shock  duration. 


XIV'2,  and  Y/V2,  except  those  marked  with  * 
and  H  because  of  anomaly.  In  addition, 
parameter  groups  such  as  X/V,  Y/Pit  Y/V,  and 
A lO  of  Table  2  and  also  0/0,  X0,  Y0,  and  A Id 
of  Table  3  are  roughly  invariant.  In  view  of  the 
published  criteria  (10,12),  we  have  also  includ¬ 
ed  PjUt  and  P^t  in  Table  2. 

From  these  trends  or  patterns  we  have  deter¬ 
mined  the  best  data  fit  as  shown  in  Figures  1-7. 
Clearly  all  the  fits  associated  with  these  data 
are  linear.  The  equations  are  summarized  in 
Table  4. 

These  equations  and  figures  constitute  our 
assessment  of  projectile- impact  shock  initiation, 


describing  not  only  the  threshold  but  also  the 
buildup  to  detonation. 

DISCUSSION 

The  five  Pjut  values  from  Table  2  may  be 
averaged  to  give  a  critical  initiation  energy  of 
2.16  GPa-mm  as  compared  with  its  published 
value  of  1.50  GPa-mm  (11),  The  difference  may 
be  due  to  shock  smearing  by  artificial  viscosi¬ 
ty.  In  view  of  the  impedance  mismatch,  the 
critical  energy  concept  is  only  an  approximate 
rule.  Note  that  V20  takes  on  values  around 
6.5.  This  appears  to  be  a  better  representation 
of  the  energy  dependence  for  projectile-impact 
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TABLE  3 

Results  from  2DE  Computation  (6) 

5*  8  ~ 10  12  15 

I. 4  1.0  0.9  0.8  0.7 

II. 5  6.4  5.8  4.8  3.8 

0.29  0.17  0.15  0.13  0.10 

0.3  0.9  3.0  1.7  2.3 

2.5  3.8  12.5  6.8  9.0 

1.5  3.7  12.2  6.6  8.4 

0.12  0.16  0.15  0.17  0.18 

.8  8.0  8  1  7.7  7.4 

.9  .8  0.1  4.4  4.4 

.06  0.11  0.30  0.14  0.15 

3.5  5.8  2.2  5.4  5.6 

33.8  46.3  18.1  41.6  40.9 

28.7  24.4  9.3  21.7  21.8 

282  195  75  167  161 

8.3  4.2  4.2  4.0  3.9 

*  Overdriven  detonation  A/0  >D. 

#  Delayed  detonation  with  0  and  A  exceeding  Pop  plot  or  wedge  test  data  0=1.4  ps.  A=8.2  mm  at  Pj=5.8  GPa. 

TABLE  4 

Equations  for  Scaling  Projectile-Impact  Shock  Initiation 


(Bll  Pj  =  -1.043  +  1 1.304/v^T  for  P,*t-scaling. 

(B2")  V  =  0.0  +  3.13A/0" H  NOL  experimental  data  fit. 

(Ell  A  =  6.478034,  wedge  test  data  fit. 

(FIT  X  =  -0.53  +  3.33  V,  for  X/V  to  complement  X/Pj. 

(F2')X  —  —0.688  I  51.428/0,  for  X0  to  complement  X/V4. 

(G27  Y  =  -4.831  +  233.3/0,  for  Y0  to  complement  Y/V2. 

shock  initiation,  as  given  in  Figure  1  and  by  link  between  impact  velocity  and  time  to 

(131)  of  Table  4.  Indeed,  (Bl)  is  a  numerical  con-  detonation.  The  higher  the  impact  energy,  the 

firmation  of  Equation  (l).  A  complementary  repre-  faster  the  initiation.  Similarly  V2A  is  correlated 

sontation  Is  given  by  (Bl)  since  P;2t  is  considered  in  (C2).  For  convenience  in  graphic  display,  we 

to  be  a  preferable  criterion  (12).  Although  the  have  plotted  Equations  (Al),  (Gl)  and  (FI1)  in 

physical  basis  of  V20  is  not  so  apparent  as  that  Figure  2.  Figures  3  and  4  show  results  of  two 

of  V20,  (Cl)  and  its  graph  in  Figure  1  provide  a  categories.  Figures  5-7  are  the  two-dimensional 


Two-Dimensional 
(A2)  Pj  =  -2.341  +  8.823  V 
(B2)V  =  -0.14  +  3.26/^ 
(C2)  V  =  0.14  +  1.70VT 
(D2)  0  =  -0.7  +  0.20 
(E2(  A  =  -0.099  +  4.0580 
(F2)  X  *  -0.24  +  6.03  V2 
(G2)  Y  =  -2.26  +  26.86  V2 


One-Dimensional 
(Al)  Pj  =  -1.67  +  7.74  V 
(Bl)  V  =  0.02  +  2.50 1\/& 
(Cl)  V  =  0.013  +  1.167MT 
(Dl)  0  =  0.110  +  0.1950 
(El)  A  =  2.78  +  4.00 
(FI)  X  =  -0.314  +  0.430  P, 
(Gl)  Y  =  -9.33  +  26.19  V 


18 

0.6 

2.8 

0.07 

3.2 
13.0 
10.8 
0.21 
6.5 

4.7 
0.18 
5.4 

34.7 

22.2 
144 
4.1 


0  (mm) 

V  (mm/ps) 

P;  (GPa) 
u  mm/f/s) 

0  (ps) 

A  (mm) 
f  (mm) 

V/Pj  (mm/s-GPa) 
V20  (mnvVps2) 

V2A  (mm3/ps2) 

0/0  (ps/mm) 

X/V2  (GPa-ps2/mm3) 
X0  (GPa) 

Y/V2  (GPa-ps/mm2) 
Y0  (GPa-mm/ps) 
A/0  (mm/ps) 


counterparts  of  Figures  1  and  2.  Note  the  com¬ 
mon  features  and  dissimilarities  of  the  respective 
equations,  which  may  also  reflect  their  numerical 
and  physical  bases. 

Since  the  boundary  conditions  of  impact 
implies 
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both  (Al)  and  (A2)  turn  out  to  be  a  good  correla¬ 
tion  for  the  impact  parameters  which  determine 
the  shock  stimulus.  It  is  worthwhile  to  compare 
(B2)  with  (B2')  of  Table  4;  the  two  coefficients  3.26 
and  3.13  are  reasonably  close;  and  this  can  serve 
as  a  favorable  evidence  of  experimental  support 
to  our  numerical  investigation.  Physically  (F2) 
and  (G2)  mean  that  the  buildup  of  shock  to 
detonation  increases  with  the  impact  energy.  The 
correspondence  of  (F2)  to  (F2)  is  visible  through 
the  relation  X0=(X/V2)  V20;  so  is  (G21)  to  (G2). 
Let  us  now  compare  (FI)  and  (Gl)  with  (F2)  and 
(G2')  respectively.  Thus  the  one-dimensional 
shock  buildup  is  directly  proportional  to  the 
stimulus  amplitude,  and  the  two-dimensional 
shock  buildup  varies  inversely  with  the  lateral  ex¬ 
tent  subject  to  rarefactions. 

Again,  it  is  a  matter  of  convenience  to  display 
the  equations  (Dl),  (El),  (D2),  and  (E2)  together 
in  Figure  3.  In  one  dimension  it  seems  reasonable 
to  form  the  link  0/0=V20/V20,  which  underlies 
(Dl).  On  the  other  hand,  (D2)  may  be  attributed 
to  0/0 =(V2 A/V20)  (A/0)  1  of  Table  3.  It  is  worth 
noting  that  (D 1)  and  (D2)  have  almost  equal  slope 
in  Figure  3.  Since  the  one-dimensional  (SIN) 
Forest  Fire  Bum  results  reproduce  wedge  test 
results  faithfully  (8),  (El)  and  (El')  coincide  with 
each  other  within  the  computing  range  of  this  in¬ 
vestigation.  Moreover,  the  almost  equal  slopes  of 
(E2)  and  (El)  indicates  that  the  two-dimensional 
(2DE  Forest  Fire  Bum)  results  are  also  compati¬ 
ble  with  the  shock  sensitivity  data.  Returning  to 
Tables  2  and  3,  let  us  compare  the  two  distances 
( and  A.  From  these  we  can  recognize  two  different 
modes  of  shock  buildup:  detonation  occurs  ear¬ 
lier  with  the  plane  shock  than  with  the  cylindrical 
shock. 

Thus  far  we  have  examined  the  physical  basis 
and  implications  of  Tables  2-4.  Favorable  evi¬ 
dence  has  been  sought  as  a  viable  test  of  our 
equations  of  Table  4.  These  equations  are  ap¬ 
plicable  to  problems  with  0  or  V  falling  in  the 
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Fig.  1.  Numerical  Scaling  oj  One-Dimensional 
Impact  Shock  Initiation 
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Fig.  2.  Linear  Fits  of  One-Dimensional  Shock 
Buildup  Data  . 
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Fig.  3.  Further  Correlations  of  One -  and  Two- 
Dimensional  Impact  Shock  Initiation 
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Fig.  4.  Linear  Fits  of  One -  and  Two-Dimension¬ 
al  Impact  Shock  Initiation  Data 


Fig.  6.  Linear  Fits  of  Two-Dimensional  Shock 
Buildup  Data 

computing  range  of  this  investigation.  No  ex¬ 
trapolation  is  recommended  because  the  upper 
bound  has  Pj  near  the  fifty  percent  point  of  the 
large  scale  gap  test  for  composition-!].  A  num¬ 
ber  of  issues  arise  if  we  are  going  to  generalize 
our  results  to  wider  ranges.  The  linear  data  fit 
may  fail.  We  may  also  have  computational 
difficulty.  Each  computer  code  has  its  limita¬ 
tions  such  as  differencing  scheme,  grid  coarse¬ 
ness,  time  step,  artificial  viscosity,  and 
modeling  capacity. 

CONCLUSION 

Our  results,  summarized  in  Table  4,  show 
some  common  features  which  can  be  described 


Fig.  5.  Numerical  Scaling  of  Two-Dimensional 
Shock  Buildup  Data 


Fig.  7.  Complementary  Relations  of  Two-Di- 
mensior.al  Shock  Buildup 

essentially  as  follows:  An  experimentally 
verifiable  threshold  velocity  is  determined  by 
the  critical  energy  for  shock  initiation.  The  in¬ 
itial  shock  pressure  varies  linearly  with  this 
critical  velocity.  The  shock  buildup  is  calculable 
from  the  initial  pressure,  the  critical  velocity, 
or  one  principal  dimension  of  the  projectile. 
Such  a  calculation  reproduces  the  Pop  plot.  The 
higher  the  impact  energy,  the  faster  the  shock 
initiation  and  buildup.  While  the  shock  buildup 
in  one  dimension  is  directly  proportional  to  the 
stimulus  amplitude,  the  two-dimensional  shock 
buildup  varies  inversely  with  the  extent  to  which 
lateral  rarefaction  wave  may  develop.  Detona¬ 
tion  occurs  earlier  with  the  one-dimensional 
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shock  than  with  the  two-dimensional  shock. 

This  paper  is  intended  to  contribute  not  only 
to  further  understanding  of  projectile-impact 
shock  initiation  but  also  to  the  scaling  of  perti¬ 
nent  parameters  within  a  range  of  practical 
interest. 
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THE  ONLY  ESTABLISHED  RELATION  FOR  A  BARE  EXPLOSIVE 
CHARGE  INITIATED  BY  PROJECTILE  IMPACT  IS 

V  =  a  +  b/\/<£~ 

COMPUTER  SIMULATION  PROVIDES  MORE  DETAILED  RESULTS 
INCLUDING  SIMILAR  RELATIONS  FOR  SHOCK  BUILDUP  PARAMETERS. 
USING  THE  REACTIVE  HYDRODYNAMIC  CODES,  SIN  AND  2DE, 

WE  HAVE  OBTAINED  SUCH  RESULTS  FOR  BOTH  ONE  AND 
TWO-DIMENSIONAL  SHOCK  INITIATION  OF  COMPOSITION  B 
IMPACTED  BY  STEEL  PLATES  AND  CYLINDERS 


AMC  Providing  Leodort  th#  D+ostvc  6dg# 
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COMPUTATIONAL  GRIDS 


0«ilA*4C<  to  OtlONAllOW  *  I  ■  ■  ni!U4  U*<XK  r*nsu«€  r  <GfoJ  OMtKAl  IMPACT  VllOCHY 
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SUMMARY  OF  SCALING  EQUATIONS 


ONE-DIMENSIONAL 

TWO-DIMENSIONAL 

(Al)  Pj  =  •  1.670  +  7.740V 

(A2)  P,  = -2.341  +  8.823V 

(Bl)  V=  0.020  +  2.500/-/^ 

(B2)  V=-  0.140  +  3.26UA/J 

(Cl)  V  =  -  0.013+  1.167/V? 

(C2)  V=  0.140+  1.700/-/X 

(Dl)  8  =  0.110  +  0.195^ 

(D2)  e»-  0.700+  0.200* 

(El)  X=  2.780+  4.0008 

(E2)  X= -0.099+ 4.0588 

(FI)  X  =  -0.314  +  0.430P; 

(F2)  X  =  -0.240  +  6.030  V5 

(Gl)  Ya  -9  330+  26. 19 V 

(G2)  Y  =  - 2.260+  26.86V5 

<B1)  Pi  =  .  1.043+  11.30 4/Vi.  FOR  P;2t  SCALING 

(B2)  V  =  0.000+3.I30(W$.  NOL  EXPERIMENTAL  DATA  FIT 

(El  )  6  47881'*.  WEDGE  TEST  DATA  FIT 

(FI')  X° -0.530+ 3.3300  V.  FOR  X/V  TO  COMPLEMENT  X/P| 

(F2‘)  X*  -0  686+  51.428/$.  FOR  X*  TO  COMPLEMENT  X/V5 

(G2)  Y  =  -4.831  +  233.30/f  FOR  Y*  TO  COMPLEMENT  Y/V5 


CONCLUSIONS 


•  A  THRESHOLD  VELOCITY  IS  DETERMINED  BY  THE  CRITICAL 
ENERGY  FOR  THE  SHOCK  INITIATION  AND  BUILDUP 

•  THE  INITIAL  SHOCK  PRESSURE  VARIES  LINEARLY  WITH  THE  CRITICAL  VELOCITY 

•  SHOCK  BUILDUP  IS  CALCULABLE  GIVEN  THE  INITIAL  PRESSURE,  THE  CRITICAL 
VELOCITY  OR  ONE  PRINCIPAL  DIMENSION  OF  THE  PROJECTILE 

•  WHILE  SHOCK  BUILDUP  IN  ONE  DIMENSION  IS  DIRECTLY  PROPORTIONAL  TO  THE 
STIMULUS  AMPLITUDE.  TWO-DIMENSIONAL  SHOCK  BUILDUP  VARIES  INVERSELY 
WITH  THE  EXTENT  TO  WHICH  LATERAL  RAREFACTION  WAVES  MAY  DEVELOP 


•  HIGH  ORDER  DETONATION  OCCURS  EARLIER  WITH  THE  PLANE 
SHOCK  THAN  THE  AXISYMMETRIC  SHOCK  WAVE 
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THE  JET  INITIATION  OF  SOLID  EXPLOSIVES 


M.  C.  Chick  and  I.  B.  Macintyre 
Materials  Research  Laboratories 
Melbourne,  Australia 

and 

R.  8.  Frey 

Ballistic  Research  Laboratory 
USA  AMCCP 

Aberdeen  Proving  Ground,  MD,  USA 


Flash  x-ray  has  been  used  to  study  the  jet  initiation  of  covered  and 
bare  Composition  B  and  pressed  TNT.  Emphasis  is  placed  on  the 
covered  configuration  since  this  is  the  state  more  closely  aligned  to 
that  found  in  munition  systems.  We  have  shown  that  the  initiation 
of  covered  explosive  is  controlled  by  the  bow  wave  shock  associated 
with  the  jet  penetration  of  the  explosive.  This  mechanism  is  shown 
to  have  different  characteristics  from  that  for  the  jet  initiation  of  bare 
explosive.  Important  parameters  are  discussed 

We  have  demonstrated  that  the  bow  wave  can  have  a  significant 
desensitising  effect  on  both  a  cast  and  pressed  explosive  A  novel 
technique  using  a  shaped  charge  jet  to  disrupt  ike  explosive  or  cause 
prompt  detonation  at  a  predetermined  position  within  the  i  'targe  is 
described  and  demonstrated 


INTRODUCTION 

High  velocity  metal  jets  generated  by  shaped 
charges  are  used  for  the  destruction  of  explosive 
filled  ordnance.  This  requires  an  understanding 
of  the  initiation  process  and  development  of  ap¬ 
propriate  models.  Such  models  should,  for  ex¬ 
ample,  be  capable  of  predicting  the  conditions 
of  the  detonation/failere  threshold  which  can  ex¬ 
ist  for  the  jet  attack  of  covered  explosives  (1). 

This  paper  summarises  the  results  of  an  ongo¬ 
ing  investigation  aimed  at  identifying  the 
mechanisms  and  controlling  parameters  in  the 
jet  initiation  of  explosive  fillings.  Although  we 
report  on  both  covered  and  bare  explosives,  the 
emphasis  is  on  the  former  since  this  is  the  state 
more  closely  aligned  to  that  found  in  munition 
systems.  This  approach  is  supported  by  recent 
information  that  suggests f  hat  the  initiation  of 
bare  and  covered  explosives  can  exhibit  dif¬ 
ferent  characteristics  (1,  2,  3,  4,  5). 


EXPERIMENTAL  CONFIGURATIONS 
AND  TREATMENT  OF  DATA 

The  experimental  layout  has  been  described 
previously  (2)  and  is  shown  in  Figure  1.  The  cop¬ 
per  jet  was  fired  from  a  Composition  B  filled  38 
mm  diameter  shaped  charge  from  two  charge 
diameters  standoff  (76  mm)  at  explosive  recep¬ 
tors  covered  by  various  materials.  Flash  x-ray 
synchronisation  was  achieved  by  means  of  a  flat 
electric  sensor  placed  between  the  cover  and 
receptor  charge.  Two  orthogonal  radiographs 
were  taken  for  each  firing.  Delayed  timing  be¬ 
tween  the  x-ray  flashes  was  based  on  the  calcu¬ 
lated  position  of  the  jet,  shock  or  phenomenon 
under  study  and  was  obtained  by  means  of 
digital  delay  pulse  generators.  Times  were 
recorded  to  ±  0.1  ps  and  distances  on  the  flash 
radiographs  were  measured  to  ±  0.2  mm. 

For  each  cover/explosive  combination  studied 
the  (critical)  cover  thickness  that  produced 
detonations  in  50%  of  a  series  of  firings  was 
determined.  The  Bruceton  procedure  was  used 
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0€TONATOR 


Fig.  I.  Schematic  Diagram  of  the  Experimental  Set-up  for  Investigating  the  Jet  Initiation  of 
Explosives 


to  vary  the  thickness  of  the  cover  in  a  prescrib¬ 
ed  manner  depending  on  whether  the  previous 
event  was  a  detonation  or  failure.  There  were 
between  10  and  20  firings  per  critical  cover 
thickness  determination.  Where  appropriate  the 
results  were  analysed  statistically  by  the  Dix¬ 
on  and  Mood  method  (6)  to  give  a  mean  and 
standard  deviation. 

Measurements  on  bare  explosives  were  made 
using  a  similar  set-up  to  that  shown  in  Figure 
1  except  that  a  15  mm  air  gap  was  introduced 
between  .  >e  cover  and  explosive.  This  arrange¬ 
ment  was  designed  to  remove  any  effects  of  the 
bow  wave  shock  from  the  jet  penetrating  the 
cover  thus  enabling  the  jet  to  strike  unstressed 
explosive  while  allowing  the  jet  characteristics 
to  be  altered  by  varying  the  cover  thickness. 

The  system  was  calibrated  using  flash  x-ray 
to  measure  the  jet  velocity  and  diameter  in  air 
about  15  to  30  mm  from  the  exit  surface  of  the 
co  *.  For  steel  these  measurements  were  made 


for  12  different  thicknesses  between  6  and  166 
mm;  this  allowed  the  preparation  of  a  calibra¬ 
tion  curve  for  estimating  the  jet  velocity  and 
diameter  for  any  steel  cover  thickness.  The 
measured  jet  penetration  velocity  at  the  exit 
surface  of  the  cover  was  determined  from  (7): 


l+Y  d! 

where  Up  the  jet  penetration  velocity,  V,  the 
jet  velocity  and  y  the  square  root  of  the  ratio 
of  target  density  to  jet  density.  Jet  penetration 
velocities  in  the  explosive  and  Plexiglas  were 
measured  directly  using  flash  x-ray. 

In  all  cases  examined  with  the  exception  of 
the  measurement  of  the  critical  conditions  for 
the  jet  initiation  of  bare  explosives,  flash  x-ray 
showed  the  jet  to  be  continuous. 

Jet  penetration  calculations  used  incom¬ 
pressible  theory  for  a  stretching  jet  (8)  except 
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for  the  Plexiglas  cover  where  the  results  of  a  re¬ 
cent  study  of  compressibility  effects  were  used 
(9).  The  essential  equation  for  calculating  the 
velocity  of  a  stretching  jet  for  a  given  depth  of 
penetration  in  an  incompressible  target  is  given 
by  (8): 


where  V  the  initial  jet  tip  velocity,  r  the 
depth  of  penetration  from  the  cover  surface  and 
s  the  standoff  from  the  virtual  origin  position 
of  jet  formation  to  the  surface  of  the  cover.  Up 
is  then  obtained  from  equation  (1).  The  position 
of  the  virtual  origin  has  not  been  determined  for 
the  38  mm  diameter  shaped  charge  and  was 
therefore  scaled  from  the  BRL  81  mm  charge 
(9). 

The  various  cover/explosive  target  systems 
were  examined  to  assess  the  relative  importance 
of  the  following  jet/shock  combinations  on  the 
threshold  conditions  to  initiate  or  disrupt  the 
explosive: 

1 .  the  decaying  transient  shock  from  the  jet  im¬ 
pact  on  the  cover, 

2.  the  bow  wave  shock  from  jet  penetration  of 
the  cover. 

3.  the  bow  wave  shock  from  jet  penetration  of 
the  explosive. 

The  investigation  used  cover  materials  of 
steel,  aluminum,  Plexiglas  and  a  steel/Ploxiglas 
combination  Receptor  explosives  used  were 
cast  Composition  B  (RDX/TNT/WAX,  55/45/1) 
and  pressed  TNT.  The  steel  cover 'Composition 
B  target  combination  was  also  studied  for  cover 
thicknesses  in  the  range  6  to  166  mm.  The  jet 
tip  velocity  was  determined  using  flash  x-ray 
to  be  7.3  ±  0.1  mm/ps. 

JE,  NITIATION  OF  COVERED 
EXPLOSIVES 

The  initiation  of  covered  explosives  has  been 
shown  to  occur  from  shocks  travelling  ahead  of 
the  jet  (1,  2).  As  explained  in  the  previous  sec¬ 
tion  we  have  examined  the  system  to  assess  the 
relative  importance  of  the  various  jet/shock 
combinations.  Our  approach  was  to  determine 
the  critical  conditions  for  the  jet  initiating  (  im¬ 
position  B  covered  by  several  different 
materials.  It  was  then  assumed  that  similar 


threshold  shock  conditions  would  exist  for  each 
cover  material.  Further,  the  critical  jet  penetra¬ 
tion  velocities  in  the  cover  and  Composition  B 
were  directly  related  to  the  associated  bow  wave 
shock  velocity  and  hence  to  their  relative  impor¬ 
tance  in  the  initiation  process. 

Table  1  lists  results  for  the  38  mm  diameter 
shaped  charge  jet  attack  of  Composition  B 
covered  by  various  materials. 

The  first  major  column  of  Table  1  lists  the 
measured  critical  cover  thicknesses  for  steel, 
aluminum,  Plexiglas  and  a  steel/12.8  mm  thick 
Plexiglas  composite.  The  latter  cover  was 
selected  on  the  basis  of  the  results  of  the  single 
material  covers  and  as  a  simulant  of  a  munition 
casing  where  the  Plexiglas  substitutes  for  low 
density  liners  such  as  asphalt.  Plexiglas  was 
selected  as  a  simulant  since  it  has  well  char¬ 
acterised  physical  and  shock  properties. 

The  second  major  column  gives  the  predicted 
critical  cover  thickness  assuming  that  the  initia¬ 
tion  is  caused  by  the  large  transient  shock  from 
the  jet  impact  on  the  cover  surface  decaying  to 
produce  a  pressure  in  Composition  B  of  about 
2.5  GPa  (1).  The  semi-empirical  model  used  was 
developed  by  Green  (10)  for  small  diameter  pro¬ 
jectile  impact. 

Major  columns  3  and  4  in  Table  1  list  the 
calculated  and  measured  jet  and  penetration 
velocities  at  the  interface  of  the  cover  and  Com¬ 
position  B  for  the  measured  critical  cover 
thicknesses.  The  differences  between  the  two 
sets  of  values  may  be  attributed  to  measure¬ 
ment  error,  variability  in  the  shaped  charge  jets 
and/or  the  use  of  the  virtual  origin  assumption 
in  the  analysis.  The  latter  has  been  discussed 
in  the  detailed  study  of  the  jet  penetration  of 
Plexiglas  (9). 

Table  1  shows  that  the  predicted  cover 
thicknesses  using  the  semi-empirical  impact 
shock  model  do  not  correlate  with  the  measured 
values,  thus  this  mechanism  is  not  supported 
for  these  conditions.  However,  previous  results 
using  a  range  of  steel  cover  thicknesses  (1,  11) 
indicated  that  in  these  tests  thin  covered  Com¬ 
position  B  detonates  prior  to  the  arrival  of  the 
jet  and  correlated  with  the  impact  chock  from 
the  jet  striking  the  cover.  This  mode  of  initia¬ 
tion  would  be  expected  to  be  similar  to  that 
modelled  by  Starkenberg  et  al  for  the  projectile 
impact  of  Composition  B  (12)  and  presumably 
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would  be  influenced  by  similar  factors. 

Reference  to  Table  1  shows  that  for  the  mea¬ 
sured  critical  cover  thicknesses  there  is 
reasonable  agreement  with  both  the  jet  free 
flight  velocities  and  jet  penetration  velocities  in 
Composition  B.  However,  the  correlation  is  not 
so  good  for  the  jet  penetration  velocities  in  the 
cover  material.  This  suggests  that  the  impor¬ 
tant  factors  in  the  initiation  process  are  the 
characteristics  of  the  bow  wave  associated  with 
the  jet  penetration  of  the  explosive.  The  data 
show  a  slight  decrease  in  the  measured  critical 
jet  penetration  velocities  in  Composition  B  with 
decreasing  density  of  the  cover  material.  This 
may  be  a  real  effect  and  related  to  the  conse¬ 
quent  increase  in  cover  penetration  velocity 
with  decreasmg  density  and  the  production  of 
a  relatively  higher  transient  shock  across  the 
cover/Composition  B  interface  into  the  explo¬ 
sive.  Thus  the  critical  jet  penetration  velocity 
(with  its  associated  bow  wave)  required  to  initi¬ 
ate  detonation  is  lowered.  The  difference  be¬ 
tween  the  values  for  the  steel  and  steel/Plexiglas 
combination  may  relate  to  the  cover  density  ef¬ 
fect  since  the  Plexiglas  was  adjacent  to  the 
Composition  B.  Thus  the  shape  of  the  critical 
bow  wave  shock  that  initiates  the  Composition 
B  may  be  complicated  from  the  influence  of 
secondary  effects. 

A  flash  radiograph  showing  the  initiation  of 
steel  covered  Composition  B  at  the  critical  con¬ 
dition  is  shown  in  Figure  2  and  a  radiograph  of 
the  jet  and  bow  wave  prior  to  detonation  of  the 
explosive  is  shown  in  Figure  3. 

The  importance  of  the  bow  wave  in  initiation 
suggests  that  jet  velocity  and  diameter  are  the 
major  parameters  in  controlling  the  process.  Jet 
density  would  only  appear  to  have  an  effect  in 
that  it  controls  the  rate  of  penetration.  Larger 
jet  diameters  would  produce  flatter  topped  bow 
wave  shocks  which  would  be  less  affected  by 
rarefactions  and  therefore  more  effective  at  in¬ 
itiation.  This  conclusion  regarding  jet  diameter 
is  supported  by  the  results  of  a  study  using  jets 
from  3  different  diameter  shaped  charges  fired 
at  steel  cased  Composition  B.  The  threshold  jet 
velocity  was  found  to  increase  as  the  jet 
diameter  decreased  (13).  The  diameter  of  the 
bow  wave  is  considerably  greater  than  that  of 
the  jet  and  this  may  have  important  implica¬ 
tions  on  the  effect  of  explosive  critical  diameter 
on  jet  initiation.  For  example  bare  explosive 


Fig.  2.  Flash  radiograph  of  covered  Composi¬ 
tion  B  detonating  at  the  critical  condition 


Fig.  3.  Flash  radiograph  of  the  bow  wave  shock 
in  covered  Composition  B  prior  to  detonation 


Fig.  4.  Flash  radiograph  of  bare  Composition  B 
detonating  at  the  critical  condition 
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which  may  fail  to  initiate  from  the  jet  impact 
process  due  to  critical  diameter  effects  (5)  may 
subsequently  detonate  if  the  jet  penetration 
mechanism  produces  a  bow  wave  that  builds  up 
to  a  diameter  greater  than  the  critical  size.  Our 
current  investigation  includes  an  examination 
of  jet  density  and  diameter  and  the  importance 
of  explosive  critical  diameter. 

JET  INITIATION  OF  BARE  EXPLOSIVE 

A  critical  condition  for  the  jet  initiation  of 
bare  explosive  was  first  reported  by  Held  (3); 
more  recently  Mader  and  D;mbley  have  carried 
out  extensive  modelling  of  the  process  (4,5). 
Some  differences  between  the  jet  initiation  of 
covered  and  bare  explosives  were  reported 
previously  (1). 

Table  2  shows  measured  threshold  conditions 
for  the  jet  initiation  of  a  pressed  (TNT)  and  cast 
explosive  (Composition  B).  The  V2d  value  (where 
V  the  critical  jet  velocity  and  d  the  jet  diameter) 
of  15  mmVps*  for  Composition  B  fa'ls  between 
the  values  of  5.8  and  29  mmVps1  reported  by 
Held  (3)  and  Mader  and  Pimbley  (5) 
respectively. 


The  V2d  value  for  pressed  TNT  represents  the 
first  reported  measurement  on  this  explosive 
and  its  relationship  to  that  for  Composition  B 
is  similar  to  that  reported  for  other  shock  sen¬ 
sitivity  type  tests  (14). 

NATURE  OF  THE  BOW  WAVE  AND 
EXPLOSIVE  DENSITISATION 

Reference  to  Tables  1  and  2  shows  that  the 
critical  steel  thicknesses  for  the  initiation  of 
covered  and  bare  Composition  B  are  59.8  and 
138  mm  respectively.  Corresponding  values  for 
pressed  TNT  are  104  and  166  mm.  Another 
measure  of  the  effect  is  obtained  by  comparing 
the  critical  free  flight  jet  velocities.  For  Com¬ 
position  B  the  values  are  5.2  and  3.2  mm/ps  for 
the  steel  covered  and  bare  configurations 
respectively  (see  Tables  1  and  2).  For  pressed 
TNT  the  corresponding  values  are  4.1  and  2.9 
mm/ps. 

These  differences  in  the  sensitivities  of  the 
bare  and  covered  configurations  are  attributed 
to  the  bow  wave  in  the  latter  case  affecting  the 
explosive  so  that  it  is  not  initiated  by  the  ac¬ 
tion  of  the  following  jet.  The  similar  pattern 


TABLE  2 

Jet  Initiation  Characteristics  of  Bare  Explosives 


Critical 

Steel 

Critical  Jet  Characteristics 

Explosive 

Cover 

Thickness 

mm 

Velocity 

mm/ps 

Diameter 

mm 

V’d 

mm5/Hs2 

COMPOSITION  B 
(p  =  1.65  Mg/m5) 

138 

3.2 

1.5 

15 

PRESSED  TNT 
(<?  =  1.52  Mg/m5) 

166 

2.9 

1.5 

13 

Flash  radiographs  show  that  for  bare  Com¬ 
position  B  initation  at  the  critical  condition  oc¬ 
curs  promptly  within  about  1  ps  and  a  few 
millimeters  of  the  jet  striking  the  explosive  sur¬ 
face.  This  is  shown  in  Figure  4  and  confirms  the 
modelling  results  of  Mader  and  Pimbley  (5). 
These  values  are  in  contrast  to  the  long  runs 
(about  40  mm)  and  times  (about  1 1  ps)  to  detona- 
tii  for  the  critical  initiation  of  covered  Com¬ 
pos  lion  B  (1),  (illustrated  by  the  radiograph  in 
Figure  2). 


of  results  shown  by  Composition  B  and  press¬ 
ed  TNT  indicates  that  bow  wave  desensitisation 
is  a  significant  effect  that  can  occur  in  both  cast 
and  pressed  explosives.  Further  the  test  ar¬ 
rangements  shown  in  Figure  1  and  described 
herein  allow  a  convenient  way  of  measuring  and 
examining  the  effect. 

The  critical  jet  penetration  velocities  in  Com¬ 
position  B  have  been  measured  and  are  given 
in  the  last  column  of  Table  1.  Also,  by  substi¬ 
tuting  the  measured  values  for  the  critical  free 
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flight  jet  velocities  (given  in  Table  1),  the  follow¬ 
ing  values  are  obtained  for  the  jet  penetration 
rate  in  Composition  B;  steel  cover  system  3.62 
mm/psec,  aluminum  cover  system  3.48  mm/psec, 
Plexiglas  cover  system  3.38  mm/psec,  and 
steel/Plexiglas  cover  system  3.38  mm/psec. 
These  values  are  slightly  lower  than  the  mea¬ 
sured  values  and  agree  with  the  trend  previ¬ 
ously  reported.  Flash  radiographs  indicated  a 
low  density  rone  in  the  bow  wave  in  Composi¬ 
tion  B  immediately  forward  of  the  jet  tip  (see 
Figure  2).  This  zone  is  more  evident  close  to  the 
onset  of  detonation.  These  observations  may  be 
reconciled  by  assuming  the  explosive  has 
reacted  (not  detonated)  within  the  bow  wave 
prior  to  the  arrival  of  the  jet  tip  and  that  pro¬ 
duct  movement  has  commenced  away  from  the 
low  density  zone.  Thus  the  penetration  veloci¬ 
ty  is  higher  than  for  an  equivalent  inert 
material.  Furthermore,  the  intense  shear  occur¬ 
ring  in  the  explosive  between  the  front  of  the 
bow  wave  and  the  jet  tip  may  be  the  cause  of 
reaction  but  not  detonation.  Measurements 
from  the  radiographs  suggest  the  bow  wave  to 
be  up  to  about  10  mm  thick  with  a  duration  of 
up  to  about  3  ps.  We  have  not  observed  the  low 
density  zone  in  flash  radiographs  of  the  jet 
penetration  of  Plexiglas. 

It  has  been  suggested  that  the  mechanism  of 
shock  desensitisation  results  from  the  initial  low 
pressure  part  of  a  multiple  shock  compressing 
and  removing  the  reaction  sites  from  the  follow¬ 
ing  larger  shock  (15).  However,  as  discussed 
above  there  is  evidence  that  during  the  jet 
penetration  of  Composition  B  substantial  reac¬ 
tion  occurs  within  the  bow  wave  and  that  this 
alters  the  shock  profile  by  decreasing  the 
pressure  in  the  zone  adjacent  to  the  jet  tip.  Thus 
there  may  be  more  than  one  explanation  for  the 
observed  shock  desensitisation  of  explosives. 

DEMONSTRATION  OF  BOW  WAVE 
DESENSITISATION 

Bow  wave  desensitisation  is  demonstrated  by 
the  sequence  of  flash  radiographs  shown  in  Fig¬ 
ure  5(a),  (b)  and  (c).  The  experimental  set-up  is 
similar  to  that  shown  in  Figure  1.  The  Composi¬ 
tion  B  receptor  was  composed  of  two  52  mm  long 
cylinders  separated  by  a  16  mm  wide  air  gap. 
The  steel  cover  thickness  of  64  mm  was  selected 
to  be  greater  than  the  critical  value  for  the  in¬ 
itiation  of  covered  Compoiition  B  (59.8mra). 


Fig.  5(a).  Flash  radiograph  of  a  jet  penetrating 
the  top  covered  cylinder  of  two  Composition  B 
cylinders  in  series  separated  by  an  air  gap.  The 
top  charge  is  not  detonating 


Fig.  5(b).  Flash  radiograph  3.5  pis  later  from  5(a) 
with  jet  in  air  gap.  The  top  charge  has  failed  to 
detonate 


Fig.  5(c).  Flash  radiograph  7.0  ps  later  from  5(b) 
showing  bottom  charge  detonating  but  top 
charge  failing 
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Fig.  6(a).  Flash  radiographs  of  a  jet  missing  a  void  located  at  a  predetermined  position  within  a  covered 
Composition  B  charge.  The  round  failed  to  detonate 


Fig.  6(b).  Flash  radiographs  as  per  6(a)  but  showing  prompt  detonation  from  the  jet  striking  the  far 
side  of  the  void 


Ten  control  shots  fired  using  the  64  mm  thick 
cover  and  a  single  Composition  B  cylinder  of  102 
mm  long  all  failed  to  record  a  detonation.  The 
function  of  the  air  gap  was  to  dissipate  the  bow- 
wave  shock  and  allow  the  jet  to  strike  bare  Com¬ 
position  B.  Independent  measurements  gave  the 
velocity  of  the  jet  exiting  the  steel  plate  as  5.1 
mm/psec  (measured  in  air).  The  measured  jet 
velocity  in  the  aii  gap  between  the  explosive 
cylinders  was  4.6  mm/psec. 

Figure  5(a)  shows  that,  a3  expected,  the  jet  has 
penetrated  the  top  cylinder  of  Composition  B 
causing  disruption  but  not  detonation.  Free  sur¬ 
face  movement  of  the  Composition  B  into  the  air 
gap  from  the  action  of  the  bow  wave  is  just  visi¬ 
ble.  In  Figure  5(b),  3.5  ps  later,  the  jet  is  in  the 
air  gap.  Figure  5(c)  taken  a  further  7  ps  later 


shows  that  the  bottom  cylinder  has  detonated 
promptly  while  the  top  cylinder  has  failed  and 
is  in  a  state  of  disruption. 

NOVEL  TECHNIQUE  FOR  THE 
CONTROLLED  INITIATION  OF 
EXPLOSIVES 

The  discoveries  in  the  preceding  sections  have 
been  used  to  devise  a  novel  technique  for  the  con¬ 
trolled  initiation  of  explosives.  The  method  con¬ 
sists  of  firing  a  high  velocity  jet  at  an  appro¬ 
priately  covered  explosive  charge  containing  a 
void  at  a  predetermined  position.  The  void  is 
located  where  the  onset  of  prompt  detonation  is 
required  and  may  be  on  the  surface  or  within  the 
bulk  of  the  charge.  The  function  of  the  void  is 
to  dissipate  the  desensitising  bow  wave  shock. 
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When  the  jet  is  aimed  to  hit  the  void  prompt 
detonation  occurs  on  the  far  surface  of  the  void 
and  spreads  consuming  the  explosive  in  all  direc¬ 
tions.  However,  when  the  jet  is  aimed  to  miss 
the  void  the  explosive  is  disrupted  and  fails.  The 
technique  is  demonstrated  by  the  flash 
radiographs  shown  in  Figures  6(a)  and  (b).  The 
set-up  consisted  of  a  Composition  B  charge  con¬ 
taining  a  spherical  void  19  mm  diameter  along 
the  axis  and  60  mm  from  the  top  surface.  The 
charge  was  covered  by  a  76  mm  thick  steel  cover. 

Figure  6(a)  shows  the  jet  missing  the  void  and 
disrupting  but  not  detonating  the  explosive. 
Figure  6(b)  shows  the  jet  hitting  the  void  and 
prompt  detonation  occurring.  Several  shots  have 
been  fired  for  both  conditions  without  a 
contradiction. 

The  technique  is  the  subject  of  patent  action. 

SUMMARY 

We  have  shown  that  the  initiation  of  covered 
Composition  B  results  from  the  bow  wave  asso¬ 
ciated  with  the  jet  penetration  of  the  explosive. 
This  mechanism  has  been  shown  to  have  differ¬ 
ent  initiation  characteristics  to  that  for  the  jet 
initiation  of  bare  Composition  B.  We  have 
demonstrated  that  the  bow  wave  can  have  a 
significant  desensitising  effect  on  both  a  cast  ex¬ 
plosive  (Composition  B)  and  a  pressed  explosive 
(TNT).  These  effects  can  be  measured  using  the 
test  arrangement  described. 

A  novel  technique  is  described  and  demon¬ 
strated  that  uses  a  shaped  charge  jet  to  either 
disrupt  an  explosive  or  cause  prompt  detonation 
at  a  predetermined  position  within  the  charge. 
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ASPECTS  CURRENTLY  UNDER  STUDY 


SUPERPOSITION  OF  SHOCK  WAVES  AND  REACTION  WAVES 
FOR  THE  INITIATION  OF  HIGH  EXPLOSIVE  CHARGES 


Manfred  Held 

Messerschmitt-Bolkow-Blohm  GmbH 
D-8898  Schrobenhausen/W.  Germany 


For  the  investigation  of  detonative  centering  devices  a  so  called 
biplanar  observation  method  is  well  suited.  With  this  method  the 
wave  front  of  donor  charge  and  the  symmetry  of  the  wave  at  the  out¬ 
put  side  of  the  acceptor  charge  are  measured  with  high  resolution. 
With  channel  plates  made  of  6  mm  thick  brass  a  superposition  of  the 
shock  that  had  passed  across  the  carrier  plate  and  of  the  reaction 
wave  emanating  from  the  transfer  charge  was  found  Surprisingly, 
for  a  critical  transfer  charge  diameter  the  off-center  distance  of  the 
detonation  wave  at  the  output  of  the  acceptor  charge  is  larger  than 
that  of  the  wave  at  the  input.  In  this  case  also  the  time  delay  is 
relatively  large.  If  the  diameter  of  the  transfer  charge  is  increased 
by  a  factor  of  two  compared  to  the  critical  diameter  a  symmetric 
detonation  wave  is  produced  with  no  additional  time  delay. _ 


INTRODUCTION 

In  some  shaped  charge  warheads  "channel 
plates"  are  used  as  detonative  centering 
devices.  Therefore  test  arrangements  were 
developed  for  such  channel  plate  detonative 
centering  devices  using  the  experience  gained 
from  the  testing  devices  initially  developed  for 
the  point  initiation  coupler  (1).  These  new  test 
devices  turned  out  to  be  even  simpler  than  the 
previous  ones. 

TEST  SET-UP 

For  the  observation  of  the  arriving  detonation 
wave  and  of  the  detonation  front  behind  a 
detonative  centering  device,  it  is  required  to 
observe  the  event  in  two  different  planes.  The 
technique,  which  was  developed  for  this  purpose 
is  therefore  called  "Biplanar  Observation 
Technique”  (2). 

The  so  called  “Profile  Streak  Technique"  is 
used  to  determine  the  profiles  of  the  detonation 
wave  or  shock  wave,  respectively.  For  this  pur¬ 
pose  a  glass  sheet  of  .1  mm  thickness  or  a  plex- 
iglas  foil  of  .5  mm  thickness  is  arranged  im¬ 
mediately  in  front  of  the  centering  device.  The 
glass  foil  is  back  illuminated.  The  light  source 


frequently  consists  of  an  exploding  wire  arranged 
in  a  small  diameter  plastic  tube.  The  arriving 
detonation  wave  or  shock  wave  destroys  the 
glass  or  plexiglass  layer  in  a  pattern  which  cor¬ 
responds  to  tl  e  profile  of  the  arriving  wave.  It 
is  therefore  possible  to  determine  exactly  the 
amount  of  eccentricity  as  well  as  the  time  delay 
with  respect  to  the  axis  of  the  centering  device 
by  the  evaluation  of  this  streak  record.  The 
phase  velocities  of  the  arriving  detonation  or 
shock  waves  are  considerably  higher  than  the 
velocity  of  sound  in  the  transparent  media. 

The  so  called  “Multi  Streak  Technique”  (3)  is 
used  to  determine  the  detonation  front  at  the 
rear  face  of  the  acceptor  charge  along  a  set  of 
spaced  lines.  A  single  line  perpendicular  to  these 
and  passing  through  the  axis,  serves  as  a 
reference  mark  on  the  multi-streak  record. 

A  test  arrangement  was  developed  which  uses 
precisely  manufactured  and  tightly  fitting  com¬ 
ponents  in  order  to  make  sure  that  the  device 
is  always  assembled  with  a  precision  better  than 
±.l  mm  and  to  provide  for  the  ruggedness  in 
a  rough  test-site  environment. 

For  this  kind  of  tests,  holes  of  different 
diameters  were  drilled  in  a  brass  disk  (material 
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Fig.  1.  Test  set  up  to  the  Iiiplanar  Observation  Technique  for  measuring  the  output  of  the  donor 
charge  and  the  symmetry  of  the  detonation  wave  at  the  output  side  of  the  acceptor  charge 


MS  58)  and  the  holes  were  filled  with 
RDX/Wax/Graphite  94/5/1  or  Tetryl  and  press¬ 
ed  at  pressures  of  1000  bar.  These  charges  are 
used  as  "transfer  charges".  A  pressed  explosive 
charge  of  HDX/Wax,  95/5  of  15  mm  length  and 
14  mm  diameter,  was  used  as  a  donor  charge 
in  this  example  and  a  centering  annular  disk 
was  used  for  aligning  and  retaining.  An  electric 
detonator  KXj/20  was  used  to  initiate  the 
donor  charge  with  small  time  jitter  and  trig¬ 
gered  from  the  streak  camera.  A  plexiglass  foil, 
.5  mm  thick  was  arranged  for  monitoring  the 
initiating  detonation  wave  profile.  As  an  accep¬ 
tor.  a  cast  explosive  charge  of  the  composition, 
TNT/RDX  25/75  ws  used.  The  dimensions  were 
64  mm  diameter  and  20  mm  length.  The  com¬ 
ponent  parts  were  kept  in  place  by  a  tube  of 
PVC  with  an  outer  diameter  80  mm  and  a  wall 
thickness  of  8  mm.  This  tube  acts  also  as  a  light 
shield  against  the  luminous  output  from  the 
donor  charge.  The  plexiglass  disk  with  the 
rnultistreak  mask  was  centrally  aligned  with  a 
precision  of  ±.l  mm  by  this  tube  as  well.  Three 
streak  lines  were  used  at  distances  of  10  mm 
each,  together  with  a  perpendicular  symmetry 
line.  The  arrival  of  the  detonation  wave  at  the 


roar  end  of  the  detonative  centering  device  is 
imaged  on  the  CORDIN  streak  camera  model 
200  with  the  aid  of  a  45°  surface  mirror.  The 
streak-slit  which  is  normally  used  in  the  streak 
camera  is  removed  for  applying  this  multi¬ 
streak  technique.  The  donor  charge  was  always 
arranged  3  mm  off-axis,  such  that  the  detona¬ 
tion  wave  had  a  delay  of  approximately  .2  ps 
in  the  symmetry  axis  (Fig.  1). 

This  arrangement  makes  it  possible  to  main¬ 
tain  the  desired  precision  of  the  measuring 
device  also  under  the  adverse  environments  and 
rough  treatment  which  normally  occur  in  a  test 
site. 

TEST  RESULTS 

The  following  two  figures  show  the  streak 
records  gained  with  this  arrangement  for 
RDX/Wax/Graphite  94/5/1  (Fig.  2)  and  Tetryl 
(Fig.  3)  as  transfer  charges. 

Fig.  4  gives  the  evaluation  of  the  streak 
records  made  with  the  explosive  charge  of 
RDX/Wax/Graphite  94/5/1  used  as  a  transfer 
charge.  An  almost  symmetrical  breakthrough 
is  achieved  at  the  donor  charge  of  TNT/RDX 
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Fig.  2.  Biplanar  streak  records  of  a  detonating 
centering  device  using  RDX/Wax/Graphite 
94/5/1  as  transfer  charges  in  a  6  mm  brass  disk 
with  4,  5  and  6  mm  diameter 


Fig.  3.  Streak  records  of  a  detonating  centering 
device  using  Tetryl  as  transfer  charges  in  a  6 
mm  brass  disk  with  5  and  6  mm  diameter 


25/75  if  a  6  mm  diameter  of  the  transfer  charge 
is  used.  Only  a  very  slight  bulge  can  be  observ¬ 
ed  on  the  initiation  side.  Using  a  5  mm  diameter 
transfer  charge,  the  bulge  on  the  branch  of  the 
streak  line  which  faces  the  initiation  side  is 
much  more  distinct.  In  the  test  with  a  4  mm  di¬ 
ameter  transfer  charge,  only  an  eccentric  deto¬ 
nation  wave  appears.  Surprisingly  this  detona¬ 
tion  wave  has  an  eccentricity  of  6  mm  while  the 
eccentricity  at  the  input  is  only  3  mm.  In  the 
experiments  with  4  and  5  mm  diameters  of  the 
transfer  charge  the  acceptor  does  not  fully 
detonate  up  to  the  outer  periphery  at  32  mm  on 
the  side  opposite  to  the  initiation.  Obviously, 
the  detonation  is  initiated  only  after  a  certain 
run-up  distance  and  run-up  time,  respectively, 
due  to  an  interaction  between  the  shock  wave 


behind  the  brass  disk  and  the  reaction  wave 
(partial  detonation)  emerging  form  the  transfer 
charge. 


Fig.  4.  Evaluation  of  the  streak  records  of  Fig. 
2  and  Fig.  7  with  RDX/Wax/Graphite  94/5/1  as 
transfer  charges 


It  must  also  be  mentioned  that  initiation  does 
no  longer  occur,  when  the  RDX/Wax/Graphite 
94/5/1  transfer  charge  is  3  mm  in  diameter  or 
less.  This  means  that  ine  6  mm  brass  disk  at¬ 
tenuates  the  detonation  wave  from  the  donor 
charge  so  much  that  a  direct  initiation  of  the 
acceptor  charge  without  any  support  from  the 
transfer  charge  in  the  channel  plate  is  not  direct¬ 
ly  possible. 

If  Tetryl  is  used  in  the  channel  plate  rather 
than  RDX/Wax/Graphite  the  results  are  very 
similar.  There  is  a  difference,  though,  because 
transfer  charge  diameters  in  the  Tetryl  experi¬ 
ments  6  mm,  5  mm  and  4  mm  correspond  to 
transfer  charge  diameters  of  5  mm,  4  mm  and 
3mm  in  the  RDX/Wax/Graphite  experiments, 
respectively.  A  4  mm  diameter  Tetryl  transfer 
charge  fails  initiation  of  the  acceptor  charge  just 
like  a  3  mm  diameter  transfer  charge  of  RDX/ 
Wax/Graphite.  In  the  test  with  a  Tetryl  transfer 
charge  diameter  of  5  mm  an  eccentric  detona¬ 
tion  wave  occurs  which  does  not  completely  pro¬ 
pagate  through  to  the  periphery  of  the  accep¬ 
tor  charge  on  the  face  opposite  the  initiation 
side.  In  the  test  with  the  6  mm  diameter  of  the 
transfer  charge  a  marked  bulge  on  the  initiation 
side  can  be  observed  which  is  an  interaction  of 
the  shock  wave  going  through  the  brass  and  the 
reaction  wave  going  through  the  transfer 
charge  (Fig.  5). 

In  Fig.  6  the  time  differences  between  the  out¬ 
put  of  the  detonation  wave  of  the  donor  charge 
(point  A)  and  the  first  breakthrough  of  the  de¬ 
tonation  front  on  the  face  opposite  the  initiation 


332 


Fig.  5.  Evaluation  of  the  streak  records  of  Fig. 
3  with  Tetryl  as  transfer  charges  of  5  and  6  mm 
diameter 


Fig  6  Time  difference  /points  A  to  B)  between 
the  output  of  the  detonation  wave  of  the  donor 
charge  and  the  first  breakthrough  of  the  detona¬ 
tion  front  on  the  face  opposite  the  initiation  side 
of  the  acceptor  charge 

side  of  the*  acceptor  charge  (point  B)  are  shown 
as  a  'unction  of  the  diameter  with  RDX  Wax, 
(iraphite  as  a  transfer  charge.  The  time  dif¬ 
ference  calculated  from  the  theoretical  detona¬ 
tion  velocities  and  distances  should  be  approx¬ 
imately  3.2  ps 

With  a  transfer  charge  of  8  mm  diameter  and 
larger  the  measured  time  delay  corresponds  to 
the  theoretical  value  of  3.2  ps  within  the  ac¬ 
curacy  of  measurement 

The  streak  records  of  the  tests  made  using 
channel  plate*s  with  transfer  charges  of  8.  10  and 
12  mm  diameter  are  shown  on  Fig.  7.  Surprisingly 
the  evaluations  of  the  detonation  breakthrough 
of  the  diaphragms  with  transfer  charges  of  8, 
10  and  12  mm  diameters  show  rather  symmetric 
detonation  waves  for  the  diameters  of  8  and 


10  mm  while  the  test  with  the  transfer  charges 
of  12  mm  diameter  already  shows  slight  devia¬ 
tions  from  the  symmetry  (Fig.  4.). 


Fig.  7.  S.  eak  records  of  a  detonating  centering 
device  using  8.  10  and  12  mm  diameter  RDX 
Wax/Graphite  transfer  charges  in  6  mm  brass 
<10  mm  Dia  was  observed  with  a  different  streak 
velocity) 

The  influence  of  the  plate  thickness  was 
tested  with  constant  diameters  of  5  mm  for  the 
transfer  charges  and  eccentric  initiation  by  an 
off-center  distance  of  3  mm.  Tetryl  was  used  for 
the  transfer  charges.  The  streak  records  of  these 
experiments  are  shown  in  Fig.  8  for  brass  disks 
of  5  mm  to  7  mm  thickness.  The  corresponding 
evaluations  of  the  breakthrough  in  the  sym¬ 
metry  lines  are  plotted  in  Fig.  9.  In  the  test  with 
the-  5  mm  thick  plate,  the  detonation  break¬ 
through  occurs  eccentrically  6  mm  out  of  the 
symmetry  axis.  In  the  test  with  the  6  mm  plate, 
the  off-set  from  the  symmetry  axis  is  4  mm. 
With  the  7  mm  plate  an  almost  symmetric 
breakthrough  of  the  detonation  front  occurs 
with  a  distinct  bulge  on  the  initiation  side.  An 
increase  of  the  delay  time  corresponding  to  the 
slightly  increased  detonation  distance  with  the 
thicker  disks  is  easily  understandable.  It  is  in 
the  order  of  .13  ps  per  mm  of  thickness. 

SUMMARY 

For  the  investigation  of  detonation  centering 
devices  a  so  called  biplanar  observation  method 
is  well  suited.  In  this  method  the  arriving 
detonation  wave  or  shock  wave  is  measured 


Fig.  8.  Biplanar  streak  records  of  a  detonation 
centering  device  with  4,  6  and  7  mm  thick  brass 
disks  and  with  5  mm  diameter  Tetryl  transfer 
charges 


Barrier  Thickness  $  6  7  (mm) 


lfro»  Pomf  A)  (fro*  Po 8) 

Fig  i).  Evaluation  of  the  streak  records  of  Fig. 
8  with  different  barrier  thicknesses  of  5,  6  and 
7  mm 

with  respect  to  its  eccentric  position  as  well  as 
with  respect  to  the  time  delay  in  the  symmetry 
axis.  The  symmetry  of  the  detonation  wave  at 
the  output  side  of  the  acceptor  charge  is  also 
measured  by  this  method. 

With  channel  plates  made  of  6  mm  thick  brass 
disks,  superpositions  of  the  shock  wave  pass¬ 
ing  through  the  earner  plate  and  the  reaction 
wave  going  through  the  transfer  charge  were 
found.  Using  the  brass  disk  fo  6  mm  thickness 
in  the  selected  combination  of  donor  and  accep¬ 
tor  a  detonation  wave  could  no  longer  be  observ¬ 
ed,  as  long  as  the  diameter  of  the  transfer 
charge  was  kept  small. 


Surprisingly  for  a  critical  transfer  charge 
diameter  the  off-set  of  the  detonation  wave  at 
the  output  of  the  acceptor  charge  is  larger  than 
that  determined  by  the  wave  at  the  input.  In 
these  cases  also  no  complete  detonation  occurs 
at  the  face  opposite  to  the  initiation  side  of  the 
acceptor  charge.  If  the  transfer  charge  diameter 
is  increased  by  1  mm  compared  to  the  critical 
transfer  charge  diameter  a  symmetric  deto¬ 
nation  wave  with  an  eccentric  bulge  on  the  end 
facing  the  initiation  side  is  the  general  result, 
if  the  transfer  charge  diameter  is  increased  by 
2  mm  compared  to  the  critical  diameter  an 
almost  symmetric  detonation  wave  is  produced. 
If  the  transfer  charge  diameter  is  gradually 
increased  beginning  with  the  critical  diameter, 
the  time  delay  decreases  with  respect  to  the 
values  expected  from  theory.  With  a  diameter 
which  exceeds  the  critical  diameter  by  4  mm  or 
more,  a  more  or  less  symmetric  detonation  wave 
with  no  significant  time  delay  results. 

A  change  of  the  plate  thickness— increasing 
or  decreasing  -  by  1  mm  (to  5  and  7  mm  respec¬ 
tively)  from  an  initial  value  of  6  mm  also  shows 
that  a  thinner  plate  results  in  a  higher  influence 
of  the  shock  wave  with  a  more  eccentric  and  less 
corrected  output  detonation  wave.  Conversely 
a  thicker  plate  causes  the  shock  wave  to  have 
less  influence  and  thus  the  reaction  wave 
through  the  channel  is  dominating.  Therefore, 
in  this  case,  a  better  corrected  detonation  wave 
at  the  output  can  be  observed. 

CONCLUSION 

These  series  of  experiments  demonstrate  the 
effect  of  two  mechanisms.  The  first  is  the  reac¬ 
tion  wave  through  the  transfer  charge  and  the 
second  is  the  shock  v/ave  through  the  barrier. 
With  increased  transfer  charge  diameter  the 
reaction  wave  is  dominant,  resulting  in  an  im¬ 
proved  symmetry  on  the  output  of  the  accep¬ 
tor  charge  (point  B  in  Fig.  1).  With  increased 
barrier  thickness  the  influence  of  the  shock 
wave  is  diminished  and  so  the  symmetry  of  the 
detonation  wave  in  the  acceptor  charge  is  also 
improved. 
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NUMERICAL  SIMULATION  OF  JET  PENETRATION 
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The  initiation  of  aluminum  coated  X2  and  T2  (HMX  and  TATB  ex¬ 
plosives)  by  the  impact  of  shaped  charge  jets  has  been  studied  both 
experimentally  and  numerically.  Our  numerical  calculations  agree 
well  with  all  the  experimental  data,  and  show  the  mechanism  of  in- 
itation  for  these  explosives.  X2  is  initiated  by  the  precursor  shock 
travelling  through  aluminum.  For  T2,  the  reactive  wave  produced 
by  this  precursor  shock  must  be  sustained  by  the  following  compres¬ 
sion  wave  in  order  to  build  up  to  detonation. 


I  -  INTRODUCTION 

The  study  of  the  initiation  of  explosives  by 
projectiles  is  necessary  in  the  assessment  of  the 
hazard  and  vulnerability  of  munitions. 

A  great  number  of  publications  has  been 
devoted  to  the  problem,  but  generally  the 
diameters  of  the  projectiles  are  relatively  large 
($  >  5  mm)  and  their  velocities  are  lower  than 
2.000  mm/ps.  Some  results  and  discussions 
about  the  initiation  by  this  kind  of  projectiles 
can  be  found  for  example  in  (1)  to  (5). 

It  would  be  interesting  to  see  how  explosives 
react  when  impacted  by  smaller  and  faster  pro¬ 
jectiles  like  shaped  charge  jets.  Some  ex¬ 
perimental  results  (6)  lead  us  to  question  our 
understanding  of  the  mechanism  of  initiation  by 
these  projectiles. 

A  numerical  study  of  this  kind  of  experiment 
is  presented  in  (7);  in  (8),  computations  with  high 
velocity  and  relatively  large  diameter  (10  mm) 
projectiles  are  used  to  build  a  model  for  the 
penetration  of  inert  and  reactive  materials. 

Our  goal  in  this  paper  is  the  knowledge  of  the 
critical  conditions  of  initiation,  but  also  of  the 
build-up  to  detonation  mechanism  inside  HMX 
and  TATB  explosives. 

Therefore,  we  have  impacted  X2  (a  HMX 
based  explosive)  and  T2  (a  TATB  based  ex¬ 
plosive),  with  shaped  charge  jets.  We  have 


observed  the  targets  optically  and  with  flash  X- 
ray  tubes.  Then,  the  numerical  simulation  of 
these  experiments  has  been  performed. 

The  numerical  results  are  first  compared  with 
the  experimental  observations;  then  we  give  a 
description  of  the  phenomena  arising  in  the 
targets  as  they  are  computed  by  the  code. 

II  -  EXPERIMENTAL  SET-UP 

A  shaped  charge  jet  is  fired  into  explosive 
targets  at  a  500  mm  distance  (Figure  1). 


SCREENS  FRAMING  CAMERA 


Fig.  1.  Experimental  set-up 

The  liner  of  the  shaped  charge  is  made  of  cop¬ 
per,  its  diameter  is  60  mm.  The  jet  diameter  is 
1.6  mm,  and  the  maximum  velocity  at  the  jet 
tip  is  7.8  mmlps. 


Steel  barriers  placed  between  the  charge  and 
the  target  absorb  the  first  parts  of  the  jet  (those 
of  maximum  velocity)  and  thus  allow  to  adjust 
the  velocity  of  impact  by  varying  the  barriers 
thickness. 

The  targets  are  cylinders  of  explosives,  80 
mm  high  and  50  mm  in  radius,  coated  on  the 
impact  face  by  a  sheet  of  aluminum  (2  mm  of 
coating  for  T2  and  4  mm  for  X2). 

Three  experimental  observations  are  made 
simultaneously: 

—  a  general  survey  of  the  experiment  is 
made  through  the  means  of  a  framing 
camera 

—  streak  camera  records  are  made  on  the 
rear  face  of  the  target  to  observe 
detonation. 

—  a  visualization  of  the  phenomena  arising 
in  the  target  itself  is  obtained  by  X-ray 
radiography. 

Experimental  results  are  presented  together 
with  numerical  modeling  in  the  course  of  the 
paper. 

Ill  -  COMPUTATIONAL  METHOD 

Since  the  projectile  is  subject  to  large  defor¬ 
mations  before  the  detonation  occurs,  we  have 
to  use  an  eulerian  code.  The  following  computa¬ 
tions  have  been  performed  with  the 
hydrodynamic  code  CEE  (9)  including  the  TCD 
model  for  explosive  decomposition  (10). 

The  main  features  of  this  code  have  already 
been  described  in  (9)  and  (10):  a  first  order 
scheme  is  used  to  compute  non-stationary  flows 
of  compressible  fluids  in  either  plane  or  cylin¬ 
drical  coordinates.  The  TCD  model,  which  is 
described  in  more  detail  in  (10),  is  based  on  the 
same  principles  as  the  Forest-Fire  model  (11). 

We  will  now  focus  on  the  numerical  and 
physical  hypothesis  of  our  computations. 

III.l  —  Jet  representation 

Shaped  charge  jets  have  an  extremely  com¬ 
plicated  structure.  They  may  be  discontinuous, 
made  of  numerous  fragments  which  in  addition 
have  different  velocities,  decreasing  from  high 
values  (over  7  rnrrtps)  at  the  jet  tip,  to  medium 


values  at  the  rear  of  the  jet  (~  3  mm/ps). 
Moreover,  measurements  performed  at  the  ISL 
(12)  indicate  that  the  jet  is  hot  (600  K  to  1200 
K),  generally  in  solid  phase,  and  may  exhibit  a 
non  negligable  level  of  porosity  which  can 
reduce  the  metal  density  to  90%  of  its  normal 
density. 

In  our  computation  we  have  modeled  the  jet 
by  an  infinite  cylindrical  projectile  with  flat  end. 
We  have  also  assumed  a  uniform  velocity 
throughout  the  jet,  a  normal  temperature  and 
density  (300  K,  8.90  g/cm3)  and  a  fluid  phase. 
Despite  the  evident  approximations  with  regard 
to  the  preceeding  description,  we  were  able  to 
verify,  by  computations  of  impact  on  inert 
targets,  that  the  numerical  results  (penetration 
velocity  and  pressure  at  jet/target  interface) 
were  in  good  agreement  with  the  experiments. 

I II. 2  —  Numerical  grid 

Two  main  conditions  must  be  satisfied: 

First,  a  good  discretization  of  the  projectiles 
which,  according  to  their  small  diameters  (1.6 
mm),  necessitates  the  use  of  mesh  cells  of  about 
0.1  mm  to  0.2  mm. 

Second,  an  accurate  computation  or  the  ex¬ 
plosive  reaction  zone,  which  is  of  highest  impor¬ 
tance  for  the  efficiency  of  the  combustion  model 
used.  In  the  conclusion  of  (10),  a  minimum  of 
4  io  6  cells  in  the  reaction  zone  was  recommend¬ 
ed  in  order  to  obtain  reliable  results.  Since  the 
width  of  the  X2  reaction  zone  is  about  0.3  —  0.4 
mm,  and  that  of  T2  1.5  mm,  we  must  at  least 
use  0.1  mm  cells  for  the  first  explosive  and  0.3 
mm  for  the  second. 

According  to  these  remarks,  we  used  mesh 
cells,  whose  sizes  in  the  most  refined  regions 
(jet/target  interface)  were  0.1  mm  for  X2  and 
0.125  mm  for  T2. 

An  other  problem  arises  for  T2:  because  of  its 
low  sensitivity,  the  projectile  must  reach  a  great 
depth  in  the  explosive  (3  to  4  cm)  before  the  first 
zones  of  fully  reacted  explosive  appear,  when 
the  size  of  the  cells  used  permit  to  described  on¬ 
ly  a  square  of  about  2  cm,  due  to  the  memory 
limitations  of  the  computer  (CDC  7600).  This 
difficulty  is  alleviated  with  the  inclusion  of  an 
automatic  tracking  of  the  jet  tip  in  the  program, 
which  matches  the  grid  to  the  position  of  the  jet 
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at  each  time  of  its  progression  in  the  explosive. 
We  could  then  bring  to  the  end  our  computa¬ 
tion  with  T2. 

III.3  —  Reaction  rate 

Chemical  reactions  are  expressed  in  terms  of 
variations  of  the  mass  concentration  of  solid 
expiosive 

w  =  ms 
ms  +  mg 

In  (- J_  dw  .  At0)  =  I4  a.  ( JL  ) *  (P<P.) 
w  dt  i=o  Pcj 


III.4  —  Equations  of  state 

For  the  solid  phase  of  X2  and  T2,  we  used  the 
same  equations  and  the  same  constants  as  in 
(10)  for  X2  and  T.  So  did  we  for  the  detonation 
products  and  the  mixture  of  gas-solid  phases, 
except  for  the  formula  of  T2  detonation  isen- 
trope.  Instead  of  the  usual  formulation.  Pis  = 
.X*  a'  (In  v)1,  which  in  the  case  of  T2  led  to  un¬ 
acceptable  difficulties,  we  chose  a  modified 
Wilkins  formulation: 

Pis  =  A  v~d  +  w  Gl  v“  ,1+w>  (v<vc) 

Pis  =  B  e“kv+  w  G2  v~  <1+w>  (v2>vc) 


ln(-J_dw  .Ato)  *  Z4aj  ( JjJ  1  (P>Pt) 
w  dt  i=o  Pcj 

The  contents  of  the  burn  rate  are  listed  in 
Table  I. 


TABLE  I 

j 

X2 

T2 

a0 

-  4.95 

-  10.37 

a, 

14.57 

31.71 

a. 

12.22 

-  37.46 

a, 

-44.9 

23.25 

a, 

32.11 

-  4.00 

P,  (kb) 

279 

290 

Pq  <kl» 

354 

300 

Ato  (s) 

10  6 

10  6 

A  =2.555  1010 
B  =5.05  10'2 
G,  =  1.699  108 


d= 2.8 

k=7.34 

G2=2.095 


w=0.35 


vc  =  0.4 


(all  constants  in  CGS  units). 

For  copper  (shaped  charge  liner)  and 
aluminum  (protection  of  the  explosive  against 
undesirable  fragments)  we  used  the  so-called 
“multiphase”  equation  of  state,  a  detailed 
description  of  which  can  be  found  in  (13). 

IV  -  EXPERIMENTAL  AND 
NUMERICAL  RESULTS 

IV.l  -  Explosive  X2 

The  experimental  result  is  the  determination 
of  the  critical  jet  velocity.  Three  computations 


TABLE  II 


JET  TIP 
VELOCITY 
mm/ps 

JET 

DIAMETER 

mm 

RESULT 

V2d 

mm3/ps~2 

X2  (experiments) 

Critical 

32  ±  4 

6.5 

0.5 

Fail 

21 

6.3 

1 

Detonation 

40.2 

5.3 

1 

Fail 

28.1 

4.9 

1.6 

Detonation 

38.4 

3.6 

2 

Fail 

25.9 

X2  (computations) 

4.1 

1.6 

Fail 

26.9 

4.9 

1.6 

almost  tail 

38.4 

5.2 

1.6 

Detonation 

46.6 

have  been  performed,  with  jet  velocity  close  to 
the  experimental  critical  velocity.  The  results 
are  repotted  in  Table  II. 

There  is  a  good  agreement  between  ex¬ 
perimental  and  numerical  results. 

IV.  2  -  Explosive  T2 

The  critical  velocity  of  the  jet  can  be  deduc¬ 
ed  from  the  results  in  Table  III.  But,  of  more 
interest  than  this  velocity,  are  the  informations 
given  by  the  experimental  data,  especially  by 
the  X-ray  radiographs.  Therefore,  we  have 
simulated  an  experiment  with  a  jet  of  7.8  mm/ps 
of  velocity  and  1.6  mm  in  diameter. 

a  —  General  aspect  of  the  flow 

On  Figure  2.a.  to  2.c  are  presented  the  X-ray 
radiography  and  the  numerical  pressure  field 
3.8  tis  after  the  impact  of  the  shaped  charge  jet 
against  the  target. 

In  both  cases  we  see: 

—  A  reactive  shock  wave  which  is  to 
become  a  detonation  wave 

—  A  compression  wave,  attached  to  the  jet, 
travelling  in  the  partially  decomposed  explosive 

b  —  Penetration  velocity  of  the  jet 

We  have  plotted  the  (x,t)  diagram  of  the  jet 
on  Figure  3. 


Figure  2.a.  X-ray  radiograph  of  the  target,  3.8 
±  0.250  )js  after  jet  impact 
Copper  jet  $  =  1.6  mm 
v  —  7800  rn/s 


The  numerical  points  are  affected  by  the  er¬ 
ror  on  the  determination  of  the  instant  when  the 
jet  impacts  the  target  (±  250  ns). 

The  computation  gives  a  constant  penetration 
velocity  of  the  jet  (5.13  mm/^s),  according  to  the 
constant  velocity  simulation  of  the  jet  before 
the  impact.  This  penetration  velocity  agrees 
with  the  measured  velocity  (5.3  mm  at  the  be¬ 
ginning  of  the  penetration  and  then  5.1  mm/gs). 

TABLE  III 


JET  TIP 
VELOCITY 
mm/ps 

JET 

DIAMETER 

mm 

RESULT 

V:d 

mm’/ps-2 

T2  (experiment) 

Critical 

62  ±  3 

7.8 

1.6 

Critical 

97.3 

6.8 

1.8 

Detonation 

83.2 

6.1 

1.8 

Detonation 

66.9 

5.8 

1.8 

Fail 

60.5 

Fig.  2.b.  Sketch  of  the  radiograph  showing  the 
pressure  waves 


Figure  2.c.  Computed  pressure  field  in  the 
target  at  the  same  instant  (upper  half  of  Figure 
2.a)  Target:  T2  covered  with  2mm  of  aluminum 
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V;5.13 


Fig.  3.  Time  vs  position  of  jet-tip 


Fig.  4.  Time  vs  position  of  the  reactive  wave 


c  —  The  reactive  wave 

On  Figure  4  we  can  see  the  (x,t)  diagram  of 
the  reactive  wave  along  the  axis  of  symmetry 
of  the  flow. 

The  detonation  velocity  is  well  computed.  The 
numerical  transition  to  detonation  is  shorter 
than  the  experimental  transition;  however,  it  is 
still  within  the  experimental  indeterminacy.  An 
error  of  less  than  10%  on  the  intensity  of  the 
precursor  shock  in  the  aluminum,  which  in¬ 
itiates  the  reactive  wave,  can  explain  this  dif¬ 
ference.  It  can  be  due  to: 

—  the  poor  thermodynamic  simulation  of 
the  jet 

—  the  equation  of  state  of  the  aluminum 
and  the  copper  at  relatively  high  pres¬ 
sure  (P^lOO  GPa). 

—  the  numerical  calculation  of  the  impact. 


This  point  is  not  studied  further  in  the  pre¬ 
sent  work,  for  the  difference  is  rather  small 
(At<300  ns) 

d  —  The  compression  wave 

As  we  can  see  on  Figure  2,  a  compression 
wave  attached  to  the  jet,  travels  through  the 
partially  decomposed  explosive. 

On  Figure  5  we  have  plotted  the  computed 
pressure  and  density  of  the  explosive  along  the 
axis  of  symetry  of  the  flow,  at  the  instant  of  the 
X-ray  photography.  The  experimental  positions 
of  the  reactive  wave  and  of  the  compression 
wave  are  reported  on  the  same  figure. 

As  already  explained,  the  numerical  reactive 
wave  is  slightly  ahead  of  the  experimental  wave, 
but  the  position  of  the  compression  wave  is  well 
calculated  with  regard  to  the  position  of  the  jet. 

There  is  no  discrepancy  between  these  results. 
The  reactive  wave  is  created  by  the  precursor 
shock,  when  it  arrives  in  the  explosive.  On  the 


Fig  5  Pressure  and  density  along  the  axis  of  symetry  at  t  —  3.8  ps 
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contrary,  the  building  up  of  the  compression 
wave  is  a  continuous  process:  it  is  not  defined 
by  the  impact  conditions  and  is  not  dependent 
on  the  time  scale. 

It  depends  on: 

—  the  penetration  velocity  of  the  jet, 

—  the  thermodynamical  state  of  the  ex¬ 
plosive  decomposition  products  through 
which  it  travels. 

The  good  restitution  of  the  position  of  the 
compression  wave  tends  to  show  that  the  state 
of  the  partially  decomposed  explosive  is  well 
calculated,  although  there  is  no  other  ex¬ 
perimental  data  to  ascertain  this. 

e  —  Conclusion  of  these  comparisons 

The  good  agreement  between  experimental 
and  computational  results,  on  explosives  X2 
and  T2,  shows  the  correctness  of  our  numerical 
simulation.  Now,  we  look  at  the  mechanism  of 
the  initiation  of  X2  and  T2  by  shaped  charge 
jets  as  given  bv  the  numerical  simulations. 

V  -  MECHANISM  OF  INITIATION  OF 
THE  EXPLOSIVE  BY  JETS 

V.l  —  Explosive  X2 

Three  geometries  computed  during  the  im¬ 
pact  of  X2  target  covered  by  4  mm  of  aluminum 
are  shown  on  Figure  6.  It  is  easy  to  see  that  the 
initiation  is  produced  by  the  precursor  shock, 
created  at  the  impact,  which  travels  throughout 
the  aluminum.  The  detonation  occurs  when  the 
jet  itself  has  not  yet  impacted  the  explosive. 

In  this  case,  the  precursor  shock  is  strong 
enough  to  provide  the  initiation  conditions.  It 
is  therefore  reasonable  to  think  that  if  its  inten¬ 
sity  was  not  sufficient  to  initiate  the  explosive, 
it  could  nevertheless  be  strong  enough  to  alter 
the  structure  of  the  explosive  so  that  the  subse¬ 
quent  penetration  of  the  jet  had  no  effect.  This 
remark  agrees  with  the  experimental  observa¬ 
tions  of  CHICK  and  HATT  (6). 

Y.2  —  Explosive  T2 

T2  is  less  sensitive  than  X2.  Even  with  a 
higher  jet  velocity,  the  precursor  wave  alone 
(about  20  G  Pa,  but  in  a  small  area)  is  not  suffi¬ 
cient  to  provide  the  initiation  conditions. 

On  Figure  7,  we  can  see  the  difference  in 
struc.ure  between  the  reactive  waves  induced 


Fig.  6.a.  The  precursor  shock  arrives  at  the  in¬ 
terface  between  A1  and  X2 


G.b.  A  reactive  wave  is  created  by  the  precur¬ 
sor  shock 


ummmm 


Fig.  6.c.  The  detonation  occurs.  At  this  instant 
the  jet  just  begins  to  interact  with  the  explosive 

Fig.  6.  Initiation  of  X2  by  a  jet 
Velocity  of  the  jet :  5.2  rumps 
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Shock  front 
in  aluminum 


Shock  front  in  the  explosive 
partially  reacted  explosive 
compression  wave 
almost  fully  reacted  explosive 


a  —  diameter  of  the  jet:  1.6  mm 
velocity  of  the  jet:  7.8  mmJps 
target:  T2  covered  with  2  mm  of  aluminum 


partially 

reacted  explosive 


Shock  front 
in  the  explosive 


fully 

reacted  explosive 


b  —  velocity  of  the  jet:  5.2  mni/jis 

target:  X2  covered  with  4  mm  of  aluminum 
hgure  7  Internet  mn  bet  ween  n  copper  jet  and  explosives  pressures  and  muss 
ratios  of  burnt  explosive 


in  X2  and  T2.  In  X2  the  reaction  wave  diverges, 
and  in  T2  it  burns  out. 

But,  when  the  copper-jet  impacts  the  ex¬ 
plosive  itself,  a  compression  wave  appears 
behind  the  reaction  wave.  As  can  be  seen  on 
I’  igure  8,  this  compression  wave  becomes  larger 
and  larger,  its  diameter  becomes  of  the  order  of 
6  or  10  jet  diameters,  and  the  decomposition 
products  cannot  expand. 

If  we  remember  the  1-D  studies  about  the  in¬ 
itiation  of  explosives  by  short  duration  shocks, 
and  if  we  look  at  the  phenomena  which  arise  in 
this  initiation  process,  we  can  explain  the 


initiation  of  T2  by  a  jet,  by  the  fact  that  the 
pressure  is  sustained  on  a  great  area  and  dur¬ 
ing  a  long  time  at  the  rear  of  the  weak  reaction 
wave  created  by  the  impact. 

VI  -  CONCLUSION 

Impacts  of  shaped  charge  jets  against  ex¬ 
plosive  targets  coated  with  aluminum  have 
shown  differences  between  the  mechanism  of  in¬ 
itiation  of  X2  (HMX  explosive)  and  T2  (TATB 
explosive). 

Numerical  computations  have  been  performed 
in  order  to  explain  these  differences. 


Fig.  8.  a.  t  —  J.O  fjs  (see  Fig.  7.  a) 


Fig.  8.c.  t  =  3.8  ns 


shock  front  in  the  explosive 
partially  reacted  explosive 
compression  wave 
fully  reacted  explosive 


Fig  8l>  t  —  2.6  ps 

big  H  Evolution  o[  the  pressures  and  mass  ratios  of  burnt  explosive.  Copper  jet:  0  =  1.6  mm 
1  —78  runups  target:  12  coated  with  2  mm  of  aluminum. 


X2  seems  to  be  initiated  by  the  precursor 
shock  created  at  the  time  of  impact. 

With  T2,  the  detonation  occurs  with  a  longer 
delay  after  the  impact,  during  which  the  jet 
reaches  a  great  depth  in  the  explosive.  The  jet 
creates  a  compression  wave  in  the  partially 
reacted  explosive,  which  appears  on  the  ex¬ 
perimental  X-ray  photographs,  as  well  as  in  our 
calculations.  Therefore,  the  pressure  is  main¬ 
tained  behind  the  reactive  front  on  a  great  sur¬ 
face  and  the  detonation  conditions  are  obtained. 
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NUMERICAL  SIMULATION  OF  JET  PENETRATION 
OF  HMX  AND  TATB  EXPLOSIVES 
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-GOALS- 


-  Determination  of  the  critical  conditions  of  initiation  of 
HMX  and  TATB  explosives  by  shaped-charge  jets. 


-  Knowledge  of  the  build-up  to  detonation  mechanism 
inside  HMX  and  TATB  explosives  when  they  are 
impacted  by  shaped-charge  jets. 
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CONCLUSION 


The  experimental  data  give  a  criterion  for  the  initiation  of 
the  explosives  by  a  shaped-charge  jet. 

The  good  agreement  between  experimental  and  computational 
results  on  explosives  x2  and  t2,  shows  the  correctness  of  our 
numerical  simulation. 

We  have  shown  the  differences  between  the  mechanism  of 
initiation  of  HMX  and  of  TATB  by  jets. 


SENSITIVITY  AND  PERFORMANCE  CHARACTERIZATION  OF  DINGU 


M.  M.  Stinecipher,  L.  A.  Stretz 
Los  Alamos  National  Laboratory 
Los  Alamos,  New  Mexico 


DINGU,  as  a  relatively  insensitive  HE,  may  have  interesting  applica¬ 
tions.  We  have  been  working  on  better  methods  for  preparation  and 
characterization.  We  hove  achieved  a  particle  size  suiiubie  for  for¬ 
mulating  this  compound  into  a  PBX  and  have  tested  DING  U /binder 
by  plate  dent.  We  have  compared  the  sensitivity  of  DINGU  with  that 
of  TATB  in  small-scale  tests. 


INTRODUCTION 

At  the  Seventh  Symposium  on  Detonation, 
evidence  was  presented  in  a  French  paper  for 
low  shock  sensitivity  of  1,4-dinitroglycoluril 
(DINGU)  (1).  We  have  decided  to  synthesize 
enough  DINGU  for  our  characterization  tests 
to  compare  it  with  our  data  on  TATB.  Another 
reason  for  our  interest  was  to  gain  a  better 
understanding  of  the  properties  that  affect  the 
sensitiveness  of  explosives.  DINGU  has  chemi¬ 
cal  and  crystal  structures  that  are  different 
from  those  of  TATB.  By  making  a  wide  varie¬ 
ty  of  less-sensitive  explosives,  we  can  examine 
their  crystal,  chemical,  and  thermal  properties 
to  gain  understanding  of  which  properties  make 
explosives  unexpectedly  insensitive.  This  under¬ 
standing  wiii  heip  us  in  our  synthesis  effort.  The 
goal  of  our  synthesis  effort  is  to  synthesize  safe, 
powerful  explosives  that  can  be  developed  for 
use. 

Often,  sensitivity  is  affected  by  impurities 
and  by  crystal  size  or  shape.  To  understand  the 
role  of  small  amounts  of  impurities,  we  charac¬ 
terized  the  by-products  of  the  synthesis  reaction 
(Fig.  1).  The  impurities  formed  in  the  reaction 
are  1,6-dinitroglycoluril  (5  to  8%  of  the  total 
product)  and  l-nitroglycoluril  U  to  30%  of  the 
total  product),  the  latter  by  incomplete  nitra¬ 
tion.  In  addition  to  these  impurities,  the  French 
have  identified  1 ,3-dinitroglycoluril  in  their  syn¬ 
thesis  reaction,  but  they  used  different  syn¬ 
thesis  procedures  (2).  Structure  determination 
of  the  isomers  was  by  proton  and  carbon- 13 
nuclear  magnetic  resonance  (nror)  spectroscopy. 


We  have  not  isolated  enough  1,6-dinitrogly¬ 
coluril  to  determine  its  sensitivity,  but  the 
l-nitroglycoluril  is  too  insensitive  to  “go”  on  our 
impact  machine. 


+ 


+ 


Fig.  1.  Products  of  the  DINGU  synthesis 
reaction 

We  have  overcome  the  two  major  experimen¬ 
tal  problems,  particle  size  and  brittleness  of  the 
pressed  charge.  The  first  problem  was  solved  by 
using  85%  instead  of  98%  nitric  acid  to  avoid  for¬ 
mation  of  a  solvate  between  DINGU  and  nitric 
acid.  If  a  solvate  is  present  when  the  crystals 
are  washed  with  water,  the  solvate  breaks  and 
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very  fine  crystals  are  formed.  The  second  prob¬ 
lem  was  solved  by  using  a  plastic  binder  to  form 
a  plastic-bonded  explosive  (PBX)  formulation. 

There  is  a  major  detonation  problem  that  has 
not  been  solved.  The  French  reported  that 
DINGU  is  a  Class  2  explosive,  much  like  nitro- 
guanidine,  in  that  the  detonation  velocity  stops 
increasing  linearly  with  density  at  high  densities 
(1).  They  found  that  formulating  DINGU  with 
more  sensitive  explosives  solved  the  problem 
for  them,  but  we  have  decided  to  characterize 
the  properties  of  DINGU  in  as  pure  a  state  as 
possible. 

MATERIAL  PREPARATION  AND 
ANALYSIS 

Synthesis  of  DINGU  -  Batch  Method 

Glycoluril  (4  kg)  is  dissolved  in  85  wt%  nitric 
acid  (50/)  and  heated  at  65  °C  for  one  hour.  The 
reaction  mixture  is  slowly  diluted  with  water 
(50/)  and  then  heated  to  90  °C  for  one  hour  during 
which  time  the  sensitive  isomers  decompose.  The 
mixture  is  cooled  below  30 °C,  filtered,  washed 
with  cold  water,  and  dried  in  a  forced-draft  oven. 
The  yield  is  5.4  to  5.7  kg  (90-95%  theoretical 
yield).  The  rod-shaped  crystals  are  10  to  100  fjm 
long  and  are  stable  during  the  washing.  The 
material  obtained  is  99%  1,4-dinitroglycoluril 
suitable  for  formulating  into  a  PBX. 

Rec  rystallization  of  DINGU  -  Small  Scale 

DINGU  (5  g)  was  dissolved  in  hot  90%.-  nitric 
acid  (120  in/)  and  added  carefully  to  water  (300 
ml)  at  70 °C.  After  a  few  seconds,  the  crystals 
began  to  appear.  The  mixture  was  cooled  to 
5  °C,  filtered,  and  washed  with  cold  water.  We 
recovered  3. 1  g  (62%)  of  40-  to  60-pm  diamond¬ 
shaped  crystals,  with  a  bulk  density  of  0.8 
g/cm*.  They  are  the  same  polymorph  as  the 
rod-shaped  crystals  that  were  produced  in  the 
preceding  synthesis. 

Slurry  Method  for  the  Preparation  of  a 
DINGU  PBX 

PBXs  have  been  formulated  using  Estane, 
Viton-A,  Kel-F  800,  Exon  461,  and  nitrocellu¬ 
lose  binder  systems.  At  present,  we  are 
evaluating  a  95/5  wt%  DINGU/Exon  461 
(vmylidene  chioride-chlorotrifluoroethylene 
copolymer)  PBX  formulation.  We  prepare  the 
binder  iacquer  by  dissolving  100  g  Exon  461  in 
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ready  for  use,  the  slurry  is  prepared  in  a  well- 
agitated,  19-/  vessel.  The  slurry  carrier  consists 
of  10/  H20,  2  g  of  a  fluorocarbon  surfactant, 
130  ml  of  70%  HNO3  down's  pH  to  1.5),  and 
800  ml  ethyl  acetate.  With  mild  agitation  at 
50 °C,  we  add  1900  g  of  dry  DINGU.  Agitation 
is  increased  as  the  lacquer  is  added  slowly. 
Additional  solvent  is  added  as  necessary  to  aid 
agglomeration.  As  the  solvent  is  removed  by 
vacuum  distillation,  the  agitation  is  gradually 
reduced  to  avoid  excessive  breakage  of  ag¬ 
glomerates.  After  most  of  the  solvent  has  been 
removed,  the  material  is  filtered,  rinsed  well 
with  water,  and  dried.  Typical  bulk  density  is 
0.8  g/cm3. 

Deuterium-Labeled  DINGU 

DINGU  (5  g)  was  dissolved  in  dimethyl 
sulfoxide  (DMSO)  (10  m/)  with  a  drop  of  D2S04 
to  prevent  hydrolysis,  and  reprecipitated  by 
D20  (5  m/).  The  process  was  repeated  twice  giv¬ 
ing  a  92%  exchange.  A  final  recrystallization 
from  deutero-nitric  acid  removed  the  solvate  of 
DMSO,  which  could  affect  the  thermal  proper¬ 
ties.  Only  the  labile  hydrogens  on  the  nitrogens 
were  replaced.  Analysis  of  deuteracion  was  done 
by  proton  nmr,  which  compared  the  integration 
of  the  peak  from  the  N-hydrogens  with  that 
from  the  nondeuterated  C-hydrogens. 

Thin-Layer  Chromatography 

The  DINGU  reaction  mixture  dissolved  in 
acetonitrile  was  spotted  multiple  times  on  20-cm 
Whatman  K1F  silica  gel  plates  prewashed  with 
the  eluting  solvent,  1/19  volume  ratio  water / 
acetonitrile.  After  eluting  in  a  closed  chamber, 
the  spots  of  the  separated  isomers  were  located 
by  quench  fluorescence  (3).  Column  chromato¬ 
graphy  separated  enough  of  each  isomer  to  iden¬ 
tify  it  by  nmr. 

TEST  AND  CALCULATION  METHODS 
Physical  Properties 

Heat  of  Formation.  The  heat  of  formation 
was  determined  from  the  heat  of  combustion 
measured  in  a  Parr  bomb  where  the  sample  was 
burned  under  20  atmospheres  of  oxygen  gas. 
The  bomb  was  calibrated  with  standard  benzoic 
acid  and  the  calculation  of  the  heat  of  forma¬ 
tion  from  heat  of  combustion  was  by  the 
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The  heat  of  formation  was  calculated  by  Rit¬ 
chie  using  MINDO/3  and  ab  initio  methods  of 
group  substituents  (5). 

Density.  Gilardi  did  an  x-ray  crystal  study  at 
the  Naval  Research  Laboratory  (6). 

Cady  determined  a  density  by  gas  pyc- 
nometry  (7). 

Sensitivity  Tests 

Impact  Sensitivity.  Impact  sensitivity  tests 
were  determined  by  the  method  developed  at 
Bruceton  (8).  Two  tes^s  are  performed.  In  the 
first,  conical  piles  of  40-mg  samples  are  placed 
on  garnet  paper  (Type  12  test);  and  in  the  se¬ 
cond,  the  sample  is  placed  on  the  bare  anvil 
(Type  12B  test).  A  striker  is  rested  on  the  sam¬ 
ple  and  struck  by  a  free-falling,  2.5-kg  weight. 
A  “go”  is  determined  by  the  sound  produced. 
Using  the  Bruceton  method,  the  drop  height  is 
varied  to  determine  the  height  at  which  a  “go” 
is  obtained  50%  of  the  time.  Typical  values  are 
22  cm  for  RDX  and  150  cm  for  TNT. 

Thermal  Sensitivity.  The  thermal  sensitivity 
was  measured  by  the  modified  Henkin-critical- 
temperature  method.  A  40-mg  sample  of  ex¬ 
plosive  is  pressed  into  a  cartridge  and  confined 
lightly  by  a  metal  cup.  The  cartridge  is  placed 
on  a  temperature-controlled  bath  of  Wood's 
metal  and  timed  until  explosion.  The  lowest 
temperature  that  causes  the  sample  to  explode 
is  the  critical  temperature  (9). 

A  0.5-g  sample  was  tested  in  a  standard 
accelerating-rate-calorimeter  (ARC)  sample 
bomb  and  analyzed  in  5-degree  steps  from  50 
to  350 °C  until  it  began  to  self-heat. 

A  standard  vacuum  stability  test  was  run  on 
a  0.2-g  sample  at  I20‘C  for  48  h. 

A  large,  confined  thermal  test  was  run  by 
placing  a  4-cm-diam  by  15-cm-cylindrical  press¬ 
ed  charge  (1.75  g/cm*  density)  into  a  stainless- 
steel  pipe  nippie  with  inside  and  outside  ther¬ 
mocouples.  The  charge  was  heated  at  a  rate  of 
one  degree  per  minute  until  it  exploded. 

Spark  Sensitivity  Test.  In  the  spark  sensitivi¬ 
ty  test  a  30-mg  sample  of  explosive  is  confined 
in  a  plastic  holder  between  a  steel  dowel  pin  and 
a  lead  foil.  Energy  from  a  capacitor  bank  charg¬ 
ed  to  known  voltage  is  discharged  through  the 
sample  via  a  needle,  which  penetrates  the  lead 
foil.  Two  thicknesses  of  foil,  0.076  and  0.254 
mm,  are  used  for  two  different  tests.  A  "go”  is 


indicated  by  a  ruptured  foil,  while  a  foil  with  on¬ 
ly  the  needle  puncture  indicates  a  “no  go”.  Us¬ 
ing  the  Bruceton  method  (8),  the  input  energy 
is  varied  to  determine  the  50%  point  (10). 

Small-Scale  Gap  Test.  The  small-scale  gap  test 
is  a  useful  test  for  shock  sensitivity  if  the 
amount  of  explosive  is  limited  and  the  explosive 
detonates  at  a  diameter  less  than  12.7  mm  at 
the  test  density.  In  this  test,  the  donor  (PBX 
9407,  94/6-RDX/Exon)  provides  a  pressure 
pulse  that  decays  through  brass  spacers  onto 
an  acceptor  explosive,  12.7-mm  d:am  by  38-mm 
long.  If  the  pressure  is  sufficient  for  detonation, 
a  dene  is  observed  in  the  witness  plate.  The 
assembly  is  held  together  by  Lucite.  Fifteen  to 
twenty  shots  are  done  to  determine  a  statistical 
50%  gap  height  |G50)  (11). 

Performance  Calculations 

The  detonation  pressure  and  velocity  were 
calculated  by  computer  code  using  the  BKW 
equation  of  state  (12). 

Performance  Tests 

Plate-Dent  Tests.  Unconfined  plate-dent  tests 
have  been  correlated  to  detonation  pressure. 
Samples,  pressed  to  1 .27-,  2.54-,  or  3.16-cm 
diam,  were  placed  on  a  5.1-cm-thick.  15  x  15-cm- 
square,  cold-rolled  steel  plate.  The  resultant 
dent  was  compared  with  the  dents  of  standard 
explosives,  which  had  been  correlated  to  their 
detonation  pressures  (13). 

Burn  Tests.  DINGU  was  burned  along  a  spatu¬ 
la  as  a  powder,  in  a  95/5  wt%  DINGU/Kraton- 
Oil  PBX  pressed  to  1.8  g/cm\  and  as  a  rocket- 
propellant  formulation  of  50/50  wt% 
DINGU/Energetic  Binder.*  The  rocket  formula¬ 
tions  were  prepared  at  NWC  by  May  Chan  and 
burned  in  a  strand  burner  at  6.89  MPa  (14). 

RESULTS  AND  DISCUSSION 
Chemical  and  Physical  Properties 

Heat  of  Formation.  The  heat  of  formation  was 
measured  to  be  -42.3  ±  0.1  kcal/mol.  which 
agrees  with  the  value  reported  by  the  French 
(-46  kcal/mol)  (1). 

♦The  energetic  binders  used  were:  PEG  -  poly¬ 
ethylene  glycol;  TMETN  •  trimethylolethane- 
trinitrate;  GAP  -  glycidyl  azide  polymer;  BTTN 
•  butanetrioltrinitrate. 


353 


Ritchie  calculated  AHf  by  the  MINDO/3  and 
ab  initio  group  replacement  methods.  The  first 
method  required  shorter  computer  time,  but 
results  were  50  kcal  too  negative.  The  result 
from  the  second  method  was  -45  to  -55  kcal/mol. 

Density.  Gilardi  found  that  the  density  of 
DINGU,  1.98  g/cm3,  was  higher  than  that 
previously  reported,  1.94  g/cm3  (1).  This  was 
confirmed  by  Cady’s  gas  pycnometer  measure¬ 
ment  of  1.96  g/cm3. 

Sensitivity  Tests 

Impact  Sensitivity  Test.  The  impact  tests  show¬ 
ed  that  DINGU  is  moderately  sensitive,  and 
that  the  Type  12  test  does  not  depend  signifi¬ 
cantly  on  the  particle  size  or  habit.  However, 
the  impact  test  without  the  garnet  paper  show¬ 
ed  less  sensitivity  with  increasing  particle  size 
(Table  1). 


TABLE  1 

Impact  Sensitivity  of  DINGU 


Particle 

Size  (pm)  <  5 

1-30 

20-40 

30-60 

30-100 

Crystal 

Habit 

Diamond 

Rod 

Impact  Sensitivity 

Type  12  (cm)  88 

100 

108 

103 

125 

Type  12B  (cm)  78 

153 

175 

204 

212 

TATB  does  not  "go"  on  our  impact  machine 
so  we  cannot  compare  its  behavior  with  parti¬ 
cle  size. 

Thermal  Sensitivity  Tests.  For  small  samples 
the  thermal  sensitivity  of  DINGU  is  also  greater 
than  that  of  TATB,  but,  rather  than  detonate 
like  I1DX,  DINGU  has  a  violent  gas  explosion 
above  180°C,  which  is  the  temperature  where 
it  begins  to  self-heat  in  0.5-g  samples  in  the 
ARC  bomb.  With  very  small  samples,  such  as 
the  Henkin  lest,  the  critical  temperature  is 
204 °C.  In  a  larger,  confined  pipe  test,  it  blew 
the  pipe  into  10-cm  fragments  at  190°C 

At  lower  temperatures,  DINGU  gave  a 
vacuum  stability  measurement  of  0.5  ml/g  gas 
at  120°C  in  48  h 

The  labile  hydrogens  on  the  nitrogens  were 
exchanged  with  deuterium.  The  Henkin  critical 


temperature  was  higher,  210  °C  for  the 
deuterated  DINGU.  This  indicates  that  the  first 
decomposition  step  involves  those  hydrogens. 
TATB  also  shows  a  positive  isotope  effect. 

Spark  Sensitivity  Test.  The  spark  sensitivity  of 
DINGU  is  quite  low;  it  takes  1.27  J  to  cause  a 
50%  reaction  confined  with  a  0.076-mm  foil  and 
3.99  J  with  a  0.254-mm  foil.  In  the  same  tests, 
RDX  only  requires  0.22  J  and  0.55  J,  respective¬ 
ly,  to  react  50%  of  the  time.  Again,  TATB  does 
not  react  in  this  test. 

Smal'  Scale  Gap  Test.  The  shock  sensitivity  of 
both  DINGU  and  TATB  have  been  measured 
in  the  small-scale  gap  test.  However,  the  dia¬ 
meter  of  the  charge  may  be  too  close  to  their 
failure  diameters  to  g:  e  more  than  a  prelimi¬ 
nary  indication  of  their  shock  sensitivity  (Table 
2).  We  plan  to  do  other  shock  sensitivity  tests, 
but  they  will  be  done  on  a  DINGU  PBX  because 
the  pure  material  is  difficult  to  press  and 
machine  at  greater  than  12.7-mm  diameters. 


TABLE  2 

Small-Scale  Gap  Test  of  DINGU  and  TATB 


Density 

Voids 

^50 

(g/cm3) 

(%) 

(mm) 

DINGU 

1.76 

11 

0.18 

TATB 

1.7 

12 

0.51 

Performance  Calculations 

BKW  calculations  of  the  performance  of 
DINGU  at  different  densities  are  shown  in 
Table  3. 


TABLE  S 

Calculations  of  the  Performance  of  DINGU 


Density  (g/cmJ) 

1.75 

1.85 

1.94 

1.98 

CJ  Pressure 
(GPa) 

26.5 

30.6 

34.7 

36.7 

Det.  Vel.  (iTs) 

7890 

8300 

8680 

8870 

Performance  Tests 

Plate-Dent  Tests.  Plate-dent  tests  were  done  on 
the  pure  material  and  on  the  various  PBXs.  The 
pressure  derived  from  the  dent  is  lower  than 
calculated  and  the  deviation  becomes  more  pro¬ 
nounced  as  the  density  increases.  The  PBX 


using  Estane  as  a  binder  gave  the  weakest  dents 
and  failed  to  propagate  at  25.4  mm  at  89% 
TMD.  Table  4  gives  the  compositions  and  pres¬ 
sures  derived  from  some  of  the  plate-dent  tests. 


TABLE  4 

Plate-Dent  Results  For  Several  DINGU  PBXs 


Formu¬ 

lation 

Test 

Diameter  Density 
(mm)  (g/cm3)  %TMD 

Indicated 

Pressure 

(GPa) 

Estane  1“ 

25.4 

1.715 

90.3 

18.8 

1.795 

94.5 

21.6 

1.825 

96.0 

18.4 

1.849 

97.3 

10.4 

1.867 

98.3 

failed 

Estane  1’ 

41.3 

1.828 

96.2 

25.2 

1.848 

97.3 

25.2 

Estane  2b 

25.4 

1.722 

90.0 

20.9 

1.798 

94.0 

22.9 

1.817 

95.0 

23.6 

1.833 

96.0 

23.8 

1.855 

97.0 

24.2 

1.879 

98  + 

23.5 

Estane  2b 

41.3 

1.722 

90.0 

24.4 

1.798 

94.0 

24.0 

1.836 

96.0 

24.6 

1.875 

98.0 

24.8 

Exon  lc 

25.4 

1.857 

96.0 

25.5 

1.892 

98.0 

26.2 

Exon  lc 

41.3 

1.856 

96.0 

27.0 

1.877 

97.0 

27.6 

*  Estane  1  -  95/4/1  wt%  DINGU/Estane/ 
KR138-S 

b  Estane  2  -  96/3/1  wt%  DINGU/Estane/ 
KR138-S 

r  Exon  1  •  94/5/1  wt%  DlNGU/Exon/461 
KR138-S 

Figure  2  shows  the  differences  between  the 
measured  and  calculated  pressures  as  a  function 
of  density.  This  behavior  is  likely  due  to 
diameter  effects,  indicating  a  large  failure  dia¬ 
meter  for  high-density  DINGU  PBXs. 

Bum  Tests.  DINGU  appears  to  have  a  fast  bur¬ 
ning  rate  when  burned  in  a  trough  (1)  or  along 
a  spatula,  but  when  pressed  or  formulated  in  a 
binder,  the  burning  rate  is  comparable  to  that 
of  HM X  We  plan  a  more  extensive  burning  rate 
study  iTable  5). 


Fig.  2.  Indicated  Pressure  Versus  %  TMD  for 
DINGU  PBXs 


TABLE  5 

Burning  Rate  Tests  for  DINGU  and  HMX 


DINGU 

HMX 

Burn  rate  (mm/s) 

50/50  HE/binder 

6.89  MPa  (1000  psi) 

5-6.6 

10-12.7 

Approx,  burn  rate  (mm/s) 
95/5  HE/binder 
ambient  pressure 

0.4 

0.3 

CONCLUSIONS 

We  found  the  sensitivity  of  DINGU  to  be  be¬ 
tween  RDX  and  TATB.  Much  of  the  testing  to 
date  has  been  preliminary.  We  will  have  a  suf¬ 
ficient  amount  of  material  for  a  more  complete 
characterization  of  the  material  in  the  near 
future. 
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SENSITIVITY  AND  PERFORMANCE  CHARACTERIZATION  OF  DINGU 
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IN  SMALL-SCALE  TEST 


SHOCK  SENSITIVITY  STUDY  OF  THE  CURABLE 
PLASTIC  BONDED  EXPLOSIVES 


C.  Belanger,  P.  Pelletier  and  J.  F.  Drolet 
Defence  Research  Establishment 
Valcartier,  Quebec,  Canada 


The  shock  energy  to  initiate  the  castable  plastic-bonded  explosive 
CX-84A  was  measured.  The  evaluation  was  done  by  a  flyer  plate  test 
designed  in  France  and  called  the  “Calibrated  Shock  Wave  Test". 
The  critical  energy  to  initiate  CX-84A  varied  significantly  with  shock 
duration.  This  explosive  was  initiated  with  a  relatively  low  energy 
level  of  132  J/cm‘  for  a  shock  duration  of  0.34  ps.  For  shock  duration 
shorter  than  0.25  ps  and  longer  than  1.25  ps.  the  minimum  initiation 
energies  were  evaluated  at  175  and  275  J/cm1.  respectively. 

A  study  for  reducing  the  shock  sensitivity  of  the  curable  plastic  bond¬ 
ed  explosive  (X-84A  has  been  started.  The  preliminary  results  ob¬ 
tained  seem  promising.  The  formulation  of  the  CX-84A  was  modified 
and  the  new  processed  explosives  were  tested  partially  by  the  flyer 
plate  test.  For  the  shock  duration  of  0.34 ps.  the  explosive  CX-84B 
did  not  detonate  when  submitted  to  a  shock  energy  of  19-1  Jem  i  while 
C.X-84A  detonated  with  only  132  J  cm  \ 


INTRODUCTION 

During  ilu*  development  of  insensitive  high  ex¬ 
plosives  at  DREV  (Defence  Research  Establish¬ 
ment  of  Valcartier1  a  curable  plastic  bonded  ex¬ 
plosive  called  C'X-K-JA  was  formulated  to  be  less 
sensitive  bin  as  powerful  as  Composition  B 
Grade  A  Its  performance  was  evaluated  by  mea¬ 
suring  its  detonation  velocity  and  its  energy  by 
the  cylinder  test.  Its  energy,  measured  at  5  and 
19-mm  radial  expansions  was  reported  previous¬ 
ly  as  0  775  and  1 .085  M  J  kg  or  87.8'  I  and  86.3G 
respectively  of  those  measured  for  Composition 
B.  The  detonation  velocity  was  reported  as  7.90 
mm  ps  m  <  omparison  with  7.85  mm,  as  for  Com¬ 
position  B  The  shock  sens,  ,vity  of  this  curable 
PM  A  was  first  evaluated  by  the  DREV  Gap  Test 
(1)  Surprisingly,  it  was  found  more  sensitive 
than  Conn  -if ion  B.  'The  50  percent  barrier 
thickness  was  reported  a.>  12  40  +  0  18  mm  com¬ 
pered  io  1 1  5*  +  0  07  mm  for  Composition  B. 
Consequently,  a  more  precise  evaluation  of  its 
-hock  sensitivity  was  desirable.  SuJi  a  method, 
based  on  theenergv  trensfei/ed.  was  used  in  the 
pi'  ->en»  -  turty 


A  flyer  plate  test  called  the  "Calibrated  Shock 
Wave  Test",  designed  at  the  French-German 
Research  Institute  of  St-Louis  (ISC),  France  12, 
3).  was  selected  to  carry  on  the  shock  sensitivi¬ 
ty  evaluation  of  these  explosives.  The  flyer  plate 
is  accelerated  laterally  by  a  driver  explosive.  The 
ability  of  an  explosive  to  drive  a  metal  plate  is 
characterized  by  the  Richter  formula 

1  0  =  b  f  eg.  (1) 

where  0  is  the  flyer  plate  angle  between  its  in¬ 
itial  and  its  flying  positions,  p  is  the  mass  ratio 
of  the  metal  plate  over  that  of  the  driver  ex¬ 
plosive.  and  b  and  c  are  the  coefficients 
associated  with  the  driver  explosive  selected. 

At  the  impact  with  the  receptor,  the  flyer  plate 
generates  an  unidimensional  shock  wave  well 
known  in  intensity  and  duration.  Its  intensity 
(pressure)  is  related  to  the  flyer  plate  velocity 
normal  to  the  top  face  of  the  explosive  receptor, 
to  the  shock  Hugoniot  of  the  flyer  plate  and  to 
that  of  the  explosive  receptor  The  flyer  plate 
velocity  normal  to  the  top  of  the  receptor  is 


Vn  =  D  sin  0  ,  (2) 

where  D  is  the  detonation  velocity  of  the  driver 
explosive.  The  duration  of  the  shock  wave  is 
proportional  to  the  thickness  of  the  plate. 

The  energy  E  per  unit  area  transferred  to  the 
explosive  receptor  is  evaluated  by  the  product 
of  the  impact  pressure  P,  the  shock  duration  t 
and  the  particle  velocity  u  in  the  receptor: 

E  =  P  ux  t.  (3) 

The  ISL  flyer  plate  test  was  used  to  measure 
the  shock  sensitivity  of  the  CX-84A,  a  curable 
plastic-bonded  explosive.  Also,  this  test  was 
preliminarily  used  as  an  evaluation  technique 
to  improve  the  formulation  of  the  CX-84A  in 
order  to  reduce  its  shock  sensitivity. 
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Fig  1  Si  hematic  illustration  of  the  flyer  plate 
test 

KXPKRIM E.N’TAL  METHOD 

The  experimental  method  is  similar  to  that 
described  m  Kef  (2)  with  the  added  modifica¬ 
tions  described  below.  The  experimental  setup 
is  illustrated  schematically  in  Pig.  1  and  photo¬ 
graphed  prior  to  bring  in  Fig.  2. 

Simultaneous  impact  was  achieved  by  setting 
accurately  0.5  mrad)  the  angle  0  between  the 
initial  position  of  the  plate  and  the  top  face  of 
the  explosive  receptor  The  coefficients  of  the 
Richter  formula  for  the  driver  explosive  have 
to  be  known 

The  r  *ure  at  impact  was  solved  graphical¬ 
ly  on  a  large  diagram  of  pressure  vs  particle 
velocity.  The  shock  Hugoniot  of  the  flyer  plate 
and  that  of  the  explosive  receptor  were  plotted 


The  flyer  plate  velocity  was  used  as  the  parti¬ 
cle  velocity  of  the  2024  aluminum  alloy  before 
impact  (P  =  0). 


Fig.  2.  Actual  setup  of  a  flyer  plate  test  ready 
to  be  fired. 

The  duration  of  the  shock  wave  produced  at 
impact  was  evaluated  by  the  time  required  for 
the  shock  wave  to  travel  through  the  thickness 
of  the  metal  plate  em  and  come  back: 

t  =  2em  -  Um  .  (4) 

The  shock-to-detonation  transition  was  de¬ 
duced  either  by  the  time  required  for  the  shock 
wave  to  pass  through  the  receptor  or  by  the 
mounting  base  acting  as  a  witness  plate.  Fur¬ 
thermore,  this  measured  time,  called  here  the 
initiation  delay  and  to  estimate  the  depth  of  in¬ 
itiation  in  the  receptor. 

Driver  Explosive 

The  driver  explosive  used  was  the  Detasheet 
C  manufactured  by  Dupont.  This  sheet  ex¬ 
plosive  was  available  in  nine  thicknesses  up  to 
about  eight  millimeters.  The  thickness,  the  den¬ 
sity  and  the  detonation  velocity  were  measured 
experimentally  on  specimens  from  different 
sheet.  The  results  are  listed  in  Table  1.  For  the 
detonation  velocity  measurements,  the  ex¬ 
plosive  specimens  were  fired  on  a  9-ram  thick 
styrofoam  piece  which  kept  the  plastic  ex¬ 
plosive  sheet  in  a  plane  without  providing 
significant  confinement.  Ionization  probes  were 
used  to  monitor  the  detonation.  In  general, 
three  charges  were  fired  for  each  thickness. 

The  detonation  velocity  varied  somewhat 
within  the  same  thickness  due  to  poor  homogen¬ 
eity  as  well  as  lack  of  thickness  uniformity  from 
one  sheet  to  another.  However,  this  deviation 
was  taken  into  account  in  the  evaluation  of  the 


the  flyer  plate  test  conditions  since  the  detona¬ 
tion  velocity  of  the  driver  explosive  was 
measured  for  each  individual  flyer  plate  test. 


TABLE  1 

Physical  properties  of  Detasheet  C 


Sheet 

denomination 

Thickness 

Imml 

Density 

lMg'm’1 

Detonation  Velocity  (nim/jis) 
Recorded  mean 

C  1 

1.21 

1  473 

7  018 

6998  7  008 

C  15 

1  60 

1  488 

7  019 

7  025  7  036 

7  033 

C  2 

2  05 

1  476 

6  991 

6  998  7  005 

7  022 

(’  1 

102 

1  471 

70.1 

7  084  7  096 

7  164 

C  1 

<«» 

1  173 

7  061 

7  08 1  7  065 

7  019 

r  •> 

IM 

1  1*7 

7  057 

7  057  7  065 
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The  coefficients  b  and  c  of  the  Richter  formula 
for  the  Detasheet  C  were  evaluated  previously 
in  Ref.  14)  as  1.92  and  3.79  respectively. 

For  the  flyer  plale  test,  the  driver  explosive 
was  initiated  by  a  line  wave  generator  accurate 
to  within  ±  50  ns  and  described  in  Ref.  (5).  This 
particular  initiation  permitted  the  flyer  plate  to 
remain  in  a  plane  after  it  had  been  accelerated. 

The  driver  explosive  was  carefully  stuck  onto 
the  flyer  plate  with  a  0.012-mm  thick  transfer 
tape  adhesive  manufactured  by  3M  so  as  to 
avoid  air  gaps  between  the  2  components. 

Fiver  Plates 

The  flyer  plate  material  was  aluminum  alloy 
2024-T3,  It  was  available  in  six  readily  usable 
thicknesses  of  0.51. 0.98,  2.01, 3.23.  4.04  and  5.07 
mm  The  shock  Hugoniot  values  used  for  this 
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alloy,  of  density  2.785  Mg/m3,  were  U  =  5.355 
•F  1.345  u  (6). 

The  planarity  and  the  impact  angle  of  the  flyer 
plate  with  the  top  of  the  receptor  were  monitored 
just  prior  to  impact  for  each  test  by  flash  X-ray. 
The  radiograph  was  taken  at  the  moment  when 
the  plate  was  flying  between  five  to  ten 
millimeters  from  the  top  of  the  receptor.  The 
angle  measured  on  the  radiograph  (Fig.  3)  had 
to  be  within  ±0.017  rad;  otherwise  the  test  was 


Fig.  3.  Radiograph  of  the  flyer  plate  (top)  just 
prior  impact 

Explosive  Receptors 

The  explosive  receptors  were  cast  in  molds  of 
64-mm  diameter  and  machined  to  a  length  of  60 
mm.  The  CX-84A  specimens  were  machined  in 
lengths  of  75  mm  in  order  to  record  any  possi¬ 
ble  initiation  deeper  than  60  mm,  but  none  were 
observed. 

The  CX-84A  contains  84  percent  (weight)  of 
RDX  and  16  percent  of  a  curable  binder  based 
on  the  hydroxyl-terminated  polybutadiene 
prepolymer  (R45-11T)  with  L)OA  (dioctyl  adipate) 
and  TD1  (toluenediisocyanate).  The  complete  for¬ 
mulation  is  given  in  a  following  section. 

The  shock  Hugoniot  values  for  all  CX-84  ex¬ 
plosives  were  estimated  from  a  similar  explosive 
in  Ref.  (3).  For  the  French  explosive  (RDX/Poly- 
butadiene  binder  -  86/14),  the  shock  Hugoniot 
values  were  computed  as  U  =  2.3  +  1.8  u.  Its 
density  was  reported  at  1.60  Mg/m3.  The  DRKV 
explosive  (RDX/Polybutadiene  binder  84/16), 
with  its  lower  density  of  1.55  Mg/m3,  should  have 
slightly  lower  shock  Hugoniot  values.  The 
following  values  of  U  =  2  3  1 1.6  u  were  deemed 
to  be  representative,  and  will  be  eventually 
verified  experimentally. 


TABLE  2 

Result  of  Flyer  Plate  Tests  for  the  CX-84A 


Test 

No. 

Pressure 

(GPa) 

Duration 

(ms) 

Energy 

(J/cm2) 

— 

Results 

. 

Initiation 

Delay 

(ps) 

Depth  of 
Initation 
(mm) 

Mean  Shock 
Velocity 
(mm/us) 

1 

9.27 

0.167 

212 

Detonation 

1.85 

11.6 

2 

7.83 

0.170 

159 

No  detonation 

2.3 

3 

3.72 

0.336 

194 

Detonation 

2.77 

17.5 

4 

4.68 

0.340 

132 

Detonation 

2.83 

17.9 

5 

3.70 

0.346 

88 

No  detonation 

2.3 

6 

4.52 

0.700 

256 

Detonation 

3.77 

23.8 

7 

3.00 

0.716 

129 

No  detonation 

3.0 

8 

3.62 

1.139 

285 

Detonation 

4.43 

28.0 

9 

2.82 

1.154 

184 

No  detonation 

2.7 

10 

°.40 

1.432 

320 

Detonation 

2.92 

18.4 

1 1 

15 

1 .442 

272 

No  detonation 

4.0 

12 

2.89 

1.814 

298 

Detonation 

4.44 

28.0 

13 

2.52 

1.822 

238 

No  detonation 

3.1 
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The  impacted  end  of  the  explosive  receptors 
was  covered  with  a  thin  aluminum  foil  to  prevent 
unwanted  initiation  by  friction  due  to  the  slight 
lateral  motion  of  the  flyer  plate.  This  foil,  made 
of  1145  aluminum  alloy,  was  0.01  mm  thick  was 
considered  thin  enough  to  be  ignored  in  in¬ 
vestigating  the  energy  transferred  to  the  recep¬ 
tor  at  impact. 

Shock-to-Detonation  Transition 

The  shock-to-detonation  transitions  were 
derived  either  by  the  time  required  for  the  shock 
wave  to  pass  through  the  receptor,  called  here 
the  transfer  time,  or  by  the  base  plate  of  the 
setup  acting  as  a  witness  plate.  Furthermore,  the 
the  transfer  time  measured  was  compared  to  the 
theoretical  detonation  time  (assumed  to  result 
from  initiation  at  impact,  i.e.  t  =  0)  and  the  dif¬ 
ference.  if  any,  was  considered  to  be  the  delay 
elapsed  before  the  shock  underwent  transition 
to  a  detonation  This  delay  was  used  to  evaluate 
the  depth  of  initiation  in  the  receptor  from  its 
impacted  end.  For  non-detonation,  the  mean 
shock  velocity  in  the  receptor  was  calculated 
from  the  measured  transfer  time. 

The  above  transfer  time  was  derived  from  the 
total  time  monitored  between  the  flash  X-ray 
pulse  and  the  moment  at  which  the  shock  wave 
emerged  at  the  terminal  end  of  the  receptor.  The 
residual  flying  time  of  the  plate  before  the  im¬ 
pact,  measured  on  the  radiograph  (Fig.  3),  was 
subtracted  This  residual  flying  time  was  obtain¬ 
ed,  knowing  the  velocity  of  the  flyer  plate,  by 
the  corrected  distance  between  the  plate  and  tin* 
receptor  on  the  radiograph.  That  measured  dis¬ 
tance  was  corrected  by  the  radiograph  magnifi¬ 
cation  factor  evaluated  from  a  tiny  piece  of  lead 
9  50  mm  long  stuck  on  the  left  sid  •  of  the  ex¬ 
plosive  receptor,  and  used  as  a  reference. 

A  short-circuit  type  shielded  probe  monitored 
the  time  at  which  the  shock  wave  surfaced  at  the 
terminal  end  of  the  receptor.  This  probe,  shield¬ 
ed  to  prevent  X-ray  interference,  was  specially 
designed  to  pick-up  both  a  weak  shock  wave  as 
well  as  a  detonation 

KKSl'LTS  AND  DISCISSION 
CX-xlA  Explosive 

the  results  ot  a  series  of  thirteen  flyer  plate 
tests  performed  on  the  CX-MA  are  shown  in 
table  2  1  he  critical  initiation  energv  obtained 


varies  appreciably  with  shock  duration  as  illus¬ 
trated  by  the  dotted  line  in  Fig.  4.  An 
undesirable  increase  in  shock  sensitivity  is 
shown  for  shock  durations  between  0.25  and  1.25 
gs.  The  worst  condition  seems  to  be  for  the 
0.34-ps  duration  test,  where  a  detonation  was  ob¬ 
tained  with  only  132  J/cm2.  Furthermore,  in  this 
last  condition,  the  relatively  short  delay  of  2.83 
gs  measured  before  the  detonation  occurred,  sug¬ 
gests  that  the  energy  level  is  not  very  close  to 
the  minimum  required  to  get  a  detonation.  Also, 
for  the  0.34-ps  shock  duration,  CX-84A  was 
found  more  sensitive  than  Composition  B  which 
did  not  detonate  under  an  energy  of  141  J/cm2 
(7).  However,  for  shock  time  durations  shorter 
than  0.25  gs  and  longer  than  1.25  gs,  the 
minimum  initiation  energies  for  CX-84A  were 
evaluated  as  175  and  275  J/cm2  respectively. 

The  complete  formulation  of  the  CX-84A  is 
given  in  Table  3.  Two  different  RDX  particle 
sizes,  a  coarse  (30-1250  gin)  and  a  fine  (0-44)  gm), 
were  used  in  the  ratio  of  70/30  (58.66‘c  and 
25.14°!  of  the  total  weight  respectively).  The  sur¬ 
face  agents  used  were  the  Dantocol  DUE  (2- 
hydroxymethyl  dimethvlhydantoin)  a  commer¬ 
cial  product  of  Glyco  Chemical  Inc.  and  the 
HDBA  (4-hvdroxy-N-N-dimothylbutyramide 
synthetized  at  DREV.  A  quantity  of  0.075  per¬ 
cent  of  each  surface  agent  was  added.  Also,  a 
given  reticulation  rate  of  the  binder  was  obtain¬ 
ed  with  the  NCO/OH  ratio  of  1.10. 

The  general  shock  initiation  behavior  of  the 
CX-84A  is  rather  different  from  that  reported  by 
de  l.ongueville  et  al.  in  Ref.  (3)  for  similar 
castable  plastic-bonded  explosive  (RDX'Polybu- 
tadiene  binder  —  86  14).  The  same  flyer  plate 
test  was  used.  A  minimum  initiation  energy  of 
325  J;cm'  was  reported  constant  for  shock  dura¬ 
tions  ranging  from  0.6  gs  to  2.1  gs.  For  shock 
durations  decreasing  from  0.6gs.  de  l.ongueville 
et  al.  showed  a  progressive  decrease  in  the  re¬ 
quired  initiation  energy  down  to  175  J>cm2  for 
the  shock  duration  of  0.16  gs. 

New  CX-81  Formulations 

New  CX-84  explosives  were  formulated  in 
order  to  obtain  a  less  shock  sensitive  explosive 
specially  for  the  region  of  0  34 -gs  duration.  Stall¬ 
ing  with  the  original  formulation,  some  modifica¬ 
tions  of  the  NCO/OH  ratio  of  the  binder,  the  sur¬ 
face  active  agents  and  the  particle  size  of  RDX 
were  performed  as  indicated  in  Table  3.  The  two 


Table  3 

Formulation  of  New  CX-84  Explosives 


Explosive 

RDX 

Polybutadiene  birder 

NCO/OH 

ratio 

HARDNESS 
Shore  A 

Size 

Lot 

Percent 

Ratio 

R-45HT 

(%) 

DOA 

(%) 

TDI 

(%) 

Dan.  '‘ol 

(%i 

HDBA 

(%) 

Coarse 

7 

58.666 

1 

CX-84A 

9.711 

5.588 

0.667 

mmm 

1.10 

57 

Fine 

75 

25.143 

Coarse 

7 

62.857 

i 

CX-84B 

9.711 

5.588 

0.667 

— 

1.10 

68 

Fine 

i 

78 

Coarse 

7 

58.666 

CX-84C 

9.681 

5.571 

0.665 

— 

1.05 

17 

Fine 

78 

25.143 

Coarse 

5A 

62.857 

CX-84D 

9.711 

0.667 

0.150 

— 

1.10 

68 

1 

Fine 

l2L 

20.952 

1 

surface  agents,  'he  Dantocol  DHE  and  the 
HDBA  were  used  .  ither  alone  or  combined.  The 
different  distributions  of  IlDX  particle  size  were 
obtained  by  varying  the  coarse/  fine  ratio  and  by 
using  two  different  lots  of  coarse  RDX  (lot  5A 
and  lot  7).  The  NCO/OII  ratio  was  changed  to 
modify  the  reticulation  rate  of  the  binder. 

The  formulation  of  CX-84B,  in  comparison  to 
that  of  CX-84A,  is  characterized  by  the  com¬ 
plete  replacement  of  the  surface  active  agent 
HDBA  by  the  same  quantity  of  Dantocol  DUE 
(originally,  the  quantities  of  HDBA  and  DHE 
were  equal).  Also,  the  ratio  of  coarse/fine  RDX 
particle  size  was  changed  from  70/30  to  75/25. 
In  the  CX-840,  the  Dantocol  DHE  was  elimi¬ 
nated  and  a  total  of  0.20‘"<  HDBA  was  used. 
The  explosive  names  CX-84  D  is  identical  to 
CX84B,  except  that  coarse  RDX  from  lot  5 A 
was  used  instead  of  from  lot  7. 

The  particle  size  distributions  of  coarse  RDX 
lot  5A  and  7  are  illustrated  in  Figures  5  and  6. 
An  important  difference  in  particle  size  was 
measured  Lot  5 A  contains,  in  one  hand,  more 
small  particles  between  100  and  200  ^m  and,  in 
the  other  hand,  less  large  ones  between  500  and 
750  ^m  than  lot  7  The  corrected  retained  frac¬ 
tion  i  is  expressed  as  : 

t  ~  Fraction  Retained  x  10’  6  ,  (5) 

where  6  is  the  difference  in  microns  between  t h<* 


sieve  size  considered  and  the  preceding  sieve 
size.  For  fine,  RDX,  the  particle  distributions 
for  the  lots  73,  75  and  78  (not  shown  here)  were 
considered  identical  with  an  average  size  of  1 5 
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Fig.  5.  Particle  size  distribution  for  coarse  RDX 
lot  bA 


Fig  b.  Particle  size  distribution  for  coarse  RDX 
lot  7 


TABLE  4 

Results  of  Flyer  Plate  Test  On  New  CX-84  Explosive 


Explosive 

Pressure 

(GPa) 

Duration 

(ps) 

Energy 

(J/cm2) 

Results 

Initiation 

Delay 

(ps) 

Depth  of 
Initiation 
(mm) 

Mean  Shock 
Velocity 
(mm/ps) 

CX-84B 

4.68 

0.340 

132 

No  Detonation 

2.56 

CX-84B 

5.72 

0.336 

194 

No  Detonation 

2.88 

CX-84B 

5.72 

0.336 

194 

No  Detonation 

2.54 

CX-84C 

4.68 

0.340 

132 

No  Detonation 

2.40 

CX-84C 

5.72 

0.336 

194 

Detonation 

5.28 

33.3 

CX-84D 

5.72 

0.336 

194 

Detonation 

1.35 

8.5 

The  shock  sensitivity  of  these  new  explosives 
was  preliminarily  evaluated  by  the  Calibrated 
Shock  Wave  Test  at  the  time  duration  of  0.34 
ps.  the  duration  at  which  the  explosive  CX-84  A 
was  the  most  shock  sensitive.  The  less  sensitive 
of  these  new  formulations  was  the  CX-84 B.  As 
indicated  in  Table  4.  it  did  not  detonate,  when 
tested  twice,  for  an  energy  of  194  J/cm2  while 
the  CX-84C  and  D  detonated.  CX-84A 
detonated  at  a  shock  energy  of  only  132  Jicm' 
for  this  time  duration. 

This  preliminary  study  to  optimize  the  for¬ 
mulation  of  curable  plastic-bonded  explosives 
with  regard  to  their  shock  sensitivity,  seems 
promising,  The  results  obtained  up  to  now  sug¬ 
gest  that  the  shock  sensitivity  of  curable 
plastic-bonded  explosives  is  reduced  when  the 
size  of  RDX  particles  is  increased  and  when  a 
unique  surface  active  agent  is  used  The  Dan- 
tocol  or  the  HDBA  used  separately  as  surface- 
agent  seems  more  effective  in  covering  RDX 
crystals  than  their  combination.  The  effect  of 
increasing  particle  size  on  shock  sensitivity  con¬ 
firms  the  results  obtained  for  previous  studies 
on  cast  RDX  TNT  mixtures  (HI,  For  the 
NCO  OH  ratio,  no  effect  on  shock  sensitivity 
has  been  pointed  out  yet 

This  study  has  just  been  started  and  more 
work  must  be  done  to  fully  characterize  the 
curable  plastic-bonded  explosive  CX-84  with 
regard  to  shock  sensitivity 


CONCLUSIONS 

The  minimum  initiation  energy  of  the  curable 
plastic-bonded  explosive  CX-84A,  varied 
significantly  with  shock  duration.  This  ex¬ 
plosive  was  found  particularly  shock  sensitive 
for  the  duration  of  0.34  ps,  wheie  it  was  initiated 
with  only  132  J/cm2.  For  shock  durations 
shorter  than  0.25  ps  and  longer  than  1 .25  ps,  the 
minimum  initiation  energies  were  evaluated  as 
175  and  275  J/cm',  respectively 

A  preliminary  study  at  0.34  ps  shock  duration 
indicated  that  the  shock  sensitivity  of  CX-84  A, 
evaluated  by  the  flyer  plate  test,  can  be 
significantly  reduced  by  using  larger  RDX  par¬ 
ticle  size  and  using  separately  Dantocol  or 
H DBA  as  surface  active  agent. 
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SHOCK  SENSITIVITY  STUDY  OF  CURABLE 
PLASTIC  BONDED  EXPLOSIVES 


PARTIAL  SHOCK  SENSITIVITY  OF 
NEW  CX-84  EXP  .OSIVES  TO  THE 
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EFFECT  OF  CONFINEMENT  ON  FAILURE  IN  95  TATB/5  KEL-F 


John  B.  Ramsay 
Los  Alamos  National  Laboratory 
Los  Alamos,  New  Mexico  87545 


A  modification  of  the  usual  wedge  test  for  measuring  the  failure  thick¬ 
ness  has  been  developed  that  eliminates  the  effect  of  the  confinement 
provided  by  the  witness  plate.  The  new  test  uses  a  prism  of  the  ex¬ 
plosive  with  a  line  initiator  to  start  a  detonation  along  the  trapezoidal 
face  of  the  prism.  Experiments  using  PBX  9502  have  shown  that  the 
failure  thickness  measured  using  the  prism  test  is  '/?  the  failure 
diameter  measured  in  long  cylindrical  charges,  provided  the  wave 
can  propagate  15  to  25  times  the  failure  width.  No  significant  effect 
of  confinement  is  observed  for  low  impedance  confinement,  whereas 
high  impedance  materials  reduce  the  failure  thickness.  Thin  layers 
of  confinement  reduce  the  failure  thickness  significantly.  Copper, 
0.025  mm  thick,  and  0.25-mm  aluminum  each  reduce  the  failure  thick¬ 
ness  of  PBX  9502  by  35%. 


INTRODUCTION 

Confining  an  explosive  charge  in  a  high- 
density  material  reduces  the  lateral  dimension 
at  which  a  steady-state  detonation  will  propa¬ 
gate.  The  earliest  paper  found  with  quantitative 
data  on  this  topic  was  by  Copp  and  Ubelohde 
( 1 1  They  published  data  on  the  effect  of  confine¬ 
ment  on  the  detonation  velocity  of  cast  Amatol 
(60%  TNT'40%  Nil,  NO,)  and  showed  an  in¬ 
crease  from  5100  m.s  for  an  unconfined  charge 
with  a  1.74-cm  radius  to  5600  mis  confined  in 
1  min  steel  with  the  same  explosive  radius. 
They  assumed  that  inertia  was  the  critical  vari¬ 
able  Campbell.  Malin.  and  Holland  (2)  showed 
that  thin  layers  of  aluminum  (0.025  mm)  signi¬ 
ficantly  reduced  the  failure  diameter  of  nitro- 
methane  A  ‘heoretical  analysis  of  two-dimen¬ 
sional  detonation  flow  by  Bdzil  (3,  4)  addresses 
the  question  of  failure  of  unconfined  (air)  and 
effective  mfinte  confined  charges*.  However, 
little  or  no  experimental  data  appear  to  be 


*For  the  purposes  of  this  paper  the  term  "ef¬ 
fective  infinite  confinement"  refers  to  that 
thickness  of  confinement  where  an  increase  in 
thickness  no  longer  causes  a  corresponding  de¬ 
crease  in  failure  thickness 


available  on  the  effect  of  confinement  thickness 
on  the  failure  diameter  of  polycrystalline 
explosives. 

THE  PRISM  TEST 

The  precision  measurement  of  the  failure  dia¬ 
meter  of  an  unconfined  explosive  in  cylindrical 
geometry  requires  the  careful  machining  and  fir¬ 
ing  of  charges,  sometimes  at  small  diameters. 
The  complication  of  casing  these  charges  in  a 
confinement  material  with  a  precise  wall  thick¬ 
ness  requires  considerable  care  and  expense.  In 
the  usual  wedge  test  (5i  for  estimating  the  fail¬ 
ure  thickness  of  an  explosive,  a  wedge  of  explo¬ 
sive  is  initiated  along  the  base  with  the  detona¬ 
tion  propagating  into  a  uniformly  decreasing 
thickness.  The  position  of  failure  is  determined 
from  the  depression  created  in  a  contacting  wit¬ 
ness  plate.  The  witness  plate  provides  support 
for  one  of  the  lateral  edges  of  the  detonation 
wave,  and  the  test  cannot  be  used  to  study  the 
effect  of  confinement  on  the  failure  thickness. 
A  modification  of  the  test  has  been  developed 
that  eliminates  the  effect  of  the  fixed  confine¬ 
ment.  The  new  test  uses  a  prism  of  the  explo¬ 
sive  and.  instead  of  initiating  along  the  base  of 
a  wedge,  a  line  initiator  is  used  to  start  a  deto¬ 
nation  along  the  trapezoidal  face  of  the  prism. 


At  any  point  along  the  length  of  the  linear  wave 
the  detonation  propagates  in  a  constant  thick¬ 
ness.  Figure  1  is  a  line  drawing  of  the  test.  The 
witness  plate  provides  no  confinement  to  the 
propagation.  Confinement  can  be  varied  by 
placing  material  in  contact  with  the  rectangular 
faces  parallel  to  the  direction  of  propagation. 
For  a  detonation  in  a  slab  of  finite  thickness  and 
infinite  planar  extent  the  failure  thickness 
should  be  approximately  one-half  the  failure  dia¬ 
meter.  This  ratio  will  be  discussed  later  in  the 
paper. 

The  explosive  studied  was  PBX  9502  (95  wt% 
TATB/5  wt%  KEL-F  600).  The  wedge  was  150 
min  long,  50  mm  wide,  with  a  2°  taper.  For  most 
shots  the  base  was  8  mm  thick  and  the  toe  2 
mm  thick.  For  special  shots  the  thickness  of  the 
toe  was  reduced  to  0.5  to  1.0  mm  with  a  corres¬ 
ponding  reduction  in  the  thickness  of  the  base. 
The  detonation  wave  was  initiated  with  a 
150-mm  long  line-wave  generator  followed  by  a 
12  by  12  by  150-mm  booster  of  PBX  9501  (95 
wt%  HMX/5  wt%  Estane)  and  then  a  12  by  12 
by  150-mm  booster  of  PBX  9502.  The  thickness 
at  failure  is  measured  from  the  dent  formed  in 
a  dural  witness  plate.  Precision  of  the  measure¬ 
ment  is  provided  by  measuring  the  length  from 
the  toe  to  the  point  of  failure  as  indicated  by 
the  plate  dent.  A  photograph  of  the  resulting 
dent  is  shown  in  Fig.  2  with  the  point  of  failure 
marked  for  clarity. 

In  the  current  program  no  studies  were  made 
of  the  effect  of  wedge  angle  on  the  measured 
failure  thickness.  However,  based  on  the  data 
obtained,  the  argument  is  made  that  the  values 
reported  represent  the  magnitude  and  correct 
form  of  the  functional  relationship  of  the  true 
slab-failure  thickness  with  confinement  material 
and  thickness. 

I'NCONFINEl)  FAILURE  THICKNESS 
AND  STABLE  PROPAGATION 

Shots  were  fired  with  the  basic  geometry  de¬ 
scribed  above  at  -55J.  20  ,  and  75°C  to  com¬ 
pare  the  failure  thickness  measured  using  the 
prism  technique  with  the  failure  diameter  of 
PBX  9502  as  reported  by  Campbell  (6).  The  ex¬ 
perimental  results  obtained  are  illustrated  in 
Fig.  3  Also  presented  in  the  figure  are  Camp¬ 
bell's  data  multiplied  by  one-half  to  adjust  Hie 
failure  diameter  to  failure  thickness.  The  prism 
data  with  a  total  travel  of  50  mm  in  the  PBX 


Fig.  1.  Trapezoidal  prism  shot  assembly.  See  the 
text  for  a  description  of  the  assembly  (Note: 
Selected  hidden  lines  have  been  added  for  clarity.) 

9502  lie  approximately  parallel  to  and  displaced 
by  about  10%  from  the  adjusted  diameter  data. 
At  20  °C  the  measured  failure  thickness  is  3.5  mm, 
whereas  one-half  the  failure  diameter  is  4.0  mm. 

One  shot  was  fired  at  20  °C  in  which  two  prisms 
were  mounted  edge-to-edge  to  provide  a  total  run 
for  the  detonation  wave  of  100  mm.  The 
measured  failure  thickness  was  4.0  mm  in  agree¬ 
ment  with  4  the  failure  diameter.  With  the 
50-mm-wide  prism  the  wave  traveled  14  times  the 
failure  tliickness,  but  the  wave  had  not  yet  reach¬ 
ed  a  stable  configuration.  Campbell  showed  that, 
in  cylindrical  geometry,  a  detonation  wave  can 
travel  25  times  the  diameter  before  failure  occurs. 
The  measured  value  with  the  longer  distance  of 
run  does  agree  with  the  value  of  one-half  the 
diameter,  indicating  that  the  factor  of  two  bet¬ 
ween  failure  diameter  and  thickness  is  correct. 
This  latter  result,  which  was  obtained  late  in  the 
program,  does  raise  the  question  of  the  validity 
of  the  remaining  data.  However,  the  parallel 
nature  of  the  response  with  temperature  com¬ 
pared  with  Campbell's  data  for  long  cylindrical 
charges  over  the  failure  thickness  variation  from 
7  to  2  nun  supports  the  contention  that  the 
magnitude  and  form  of  the  effects  reported  arc 
qualitatively  ccrrecl.  For  precise,  quantitative 


Fig.  2  Photograph  of  resulting  dent  in  witness  plate  from  a  prism  test.  The  black  lines  indicate  the 
length  of  the  prism  and  the  arrow  shows  the  point  of  failure. 


data,  experiments  should  be  performed  using 
slabs  of  fixed  thickness,  with  the  prism  techni¬ 
que  providing  a  preliminary  estimate  of  the  size 
range  to  he  studied. 

KFFE(T  OF  CONFINEMENT  MATERIAL 

Experiments  were  performed  with  the  prism 
confined  in  various  materials  ranging  from  air 
(no  confinement),  water,  and  polymethylmeth¬ 
acrylate  (PMMA)  to  magnesium,  aluminum, 
lead,  and  copper.  K-Y  Lubricating  Jelly  was 
used  to  insure  a  close  fit  between  the  confine¬ 
ment  material  and  the  explosive  prism.  For  the 
thin  layers  of  metal,  12.7-mm-thick  PMMA  was 
used  as  a  backing,  which  did  not  affect  the  re¬ 
sults  Experiments  were  performed  to  estimate 


the  effect  of  aluminum  and  copper  thickness  on 
failure  width.  A  failure  width  of  1 .4  mm  was  ob¬ 
tained  for  aluminum  thicknesses  of  3.2  and  12.7 
mm.  The  data  obtained  with  aluminum,  up  to  3.2 
nun.  are  plotted  in  Fig.  4.  The  most  surprising 
icsult  obtained  was  the  magnitude  of  the  effect 
of  very  thin  layers  of  copper  and  aluminum.  It 
was  found  that  0.025-mm  copper  reduced  the 
failure  width  to  2.3  rr.m.  The  failure  width  was 
reduced  to  2.6  mm  with  a  0.075-mm-thick  alumi¬ 
num  confinement.  Campbell,  Malin,  and  Holland 
(2)  showed  that  thin  layers  of  aluminum  drasti¬ 
cally  reduced  the  failure  diameter  of  nitrometh- 
ane.  However,  it  was  previously  thought  that  this 
effect  could  be  explained  by  the  thin  reaction  zone 
of  nitromethane.  It  was  not  expected  for  PBX 
9502  with  a  relatively  thick  reaction  zone. 


P8X  9502 


Tempcroiure  (C) 

Fig.  3.  Failure  data  obtained  by  the  prism  test 
compared  with  one-half  the  failure  diameter  mea¬ 
sured  in  long  cylindrical  charges 

Figure  5  shows  the  failure  thickness  for  vari¬ 
ous  confinement  materials  plotted  as  a  function 
of  the  acoustic  impedance  (qC0  ).  For  air,  water, 
and  PMMA  the  confinement  thickness  probably 
represents  the  effective  infinite  thicknes.:.  Exper¬ 
iments  showed  that  3.2  mm-thick  aluminum  and 
3.2-mm  magnesium  are  effectively  infinitely  thick. 
Acoustic  impedance  has  been  used  as  ai.  approxi¬ 
mation  for  a  more  analytic  and  correct  match  be¬ 
tween  the  explosive  and  the  confinement.  This  ap¬ 
proximation  should  not  affect  the  general  beha¬ 
vior  reported.  Straight  lines  have  been  used  to 
illustrate  the  behavior.  The  horizontal  line  for 
materials  of  low  impedance  is  supported  by 
Bdzil’s  model.  The  straight  line  connecting  the 
Mg  and  Al  points  has  no  theoretical  basis.  The 
intersection  of  the  two  lines  is  approximately 
equal  to  the  acoustic  impedance  of  unreacted 
PBX  9502. 

The  preceding  di.  i  do  not  distinguish  the  im¬ 
pedance  from  density'  cr  total  mass  as  an  impor¬ 
tant  variable.  The  acoustic  impedance  of  copper 
is  greater  than  for  lead,  whereas  the  density  of 
lead  is  greater  than  copper.  Figure  6  shows  the 
results  for  0.25-mm-thick  aluminum,  lead,  and 
copper.  Clearly,  for  this  tliickness  of  confinement, 
impedance  is  the  critical  variable.  We  do  not  have 
sufficient  data  to  determine  the  effect  of  impe¬ 
dance  greater  than  that  of  the  explosive  when  it 
is  confined  at  effectively  infinite  confinement. 


PBX  9502 


Fig.  4.  Effect  of  aluminum  thickness  on  the 
failure  width  of  PBX  9502.  An  additional  value 
of  1.39  mm  for  the  failure  width  was  obtained  with 
12. 7-mm-thick  aluminum  confinement  This  latter 
point  was  not  plotted  to  allow  enlargement  of  the 
abscissa. 

DISCUSSION 

The  experimental  results  show  that  confine¬ 
ment  affects  the  failure  properties  of  explosives 
and  that  the  important  variable  is  the  impedance 
of  the  confining  material.  Prior  to  and  during  the 
progress  of  the  program  various  experienced 
v/orkers  in  the  field  were  questioned  as  to  the  pre¬ 
dicted  behavior.  Most  guessed  correctly,  but  with 
a  little  encouragement  could  be  persuaded  to 
weaken  their  opinion.  We  have  shown  that  con¬ 
finement  with  a  material  of  low  impedance  (less 
than  the  explosive)  does  not  affect  the  failure  be¬ 
havior  of  PBX  9502,  whereas  with  high  impe¬ 
dance  confinement,  the  failure  thickness  de¬ 
creases  with  impedance. 

However,  the  magnitude  of  the  effect  for  thin 
confinement  is  surprising,  particularly  for  a  ma¬ 
terial  with  a  thick  reaction  zone  such  as  PBX 
9502.  A  rational  argument  for  the  effect  can  be 
made  from  the  two-dimensional  model  developed 
by  Bdzil.  Bdzil  has  shown  that  for  an  unconfined 
charge  the  sonic  surface,  which  constitutes  the 
boundary  behind  which  energy  production  does 
not  affect  the  shock  wave,  intersects  the  shock 
front  at  the  free  boundary.  This  is  illustrated  in 
a  highly  magnified  sketch  shown  in  Fig.  7a.  When 
the  explosive  is  confined  in  a  material  of  high 
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Fig.  5.  Confinement  effects  for  PBX  9502.  The 
line  between  magnesium  and  aluminum  was  ar¬ 
bitrarily  drawn  to  illustrate  the  data  The  inter¬ 
section  of  the  two  lines  is  approximately  the 
acoustic  impedance  of  (qoC0  —  5.65  g/cm2s)  for  in¬ 
ert  PBX  9502  shown  as  the 
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Fig  6.  Effect  of  impedance  on  failure  in  PBX 
9502.  The  acoustic  impedance  of  copper  is  higher 
than  lead,  whereas  the  density  of  lead  is  higher. 
Xu  data  exist  for  effective  infinite  confinement  for 
these  metals. 

shock  impedance,  the  sonic  surface  separates 
from  the  shock  front,  providing  an  energy  con¬ 
tribution  to  the  shock  front  at  the  explosive/con¬ 
finement  boundary.  Figure  7b  shows  the  struc¬ 
ture  when  the  wave  is  confined  in  an  effeclively- 
infinite-thickness  materia!  of  high  impedance.  Ba¬ 
sically  then,  the  effect  of  thin  confinement  is  to 
drastically  alter  the  reaction  zone  flow  at  the 


/ 


Fig.  7.  a)  The  upper  drawing  shows  the  shock 
front  (detonation  front)  and  the  sonic  surface  inter¬ 
secting  at  the  boundary.  The  left  dashed  line  is 
the  lead  characudstic  of  the  expansion  fan.  No 
energy  generated  behind  the  sonic  plane  can  influ¬ 
ence  the  reaction  zone. 

b)  The  lower  drawing  shows  the  shock  wave  and 
sonic  surface  for  an  effectively-infinitely-confined 
detonation  in  a  high  impedance  material. 

boundary  of  the  explosive  and  greatly  diminish 
the  lateral  dimension  at  which  stable  detonation 
will  propagate. 

The  test  that  has  been  developed  appears  to  be 
sensitive  to  production  variables,  including  man- 
ufacti  ring  lot  and  density.  With  minor  modifica¬ 
tion  the  test  could  be  easily  used  for  production 
control. 
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COMMENT 

C.  L.  MADER,  Los  Alamos  National  Laboratory 

Our  modeling  of  the  failure  radius  of  PBX 
9404  and  PBX  9502  as  a  function  of  confine¬ 
ment  was  described  in  “Three-Dimensional 
Modeling  of  Inert  Metal-Loaded  Explosive,’  by 
Charles  L.  Mader,  James  D.  Kershner,  and 
George  H.  Pimbly,  Journal  of  Energetic  Mate¬ 
rial-,  1,  293-294  (1983).  We  used  2DL  and  2DE 
codes  with  Forest  Fire  as  described  in 
Numerical  Modeling  of  Detonations,  University 
of  California  Press,  1979.  The  2  DE  calculated 
results  compared  to  your  experimental  results 
are  shown  in  Table  I.  We  also  examined  the  ef¬ 
fect  of  reducing  the  thickness  of  the  copper 
aluminum  confinement.  These  results  are  shown 
in  Table  II.  The  computational  modeling  dem¬ 
onstrate  agreement  with  your  results. 


TABLE  l 

Half-Slab  failure  Thickness  for  PBX  9502 


Confinement  (mm) 

Calculated  (mm) 

Experimental  (mm) 

Air 

2.5  -  2.0 

1.75 

Plexiglas 

2.5  -  2.0 

1.75 

Aluminum 

1.0  -  0.75 

Copper 

0.75-  0.5 

0.75 

Tungsten 

0.5  -  0.33 

0.55 

TABLE  II 

Effect  of  Confinement  Thickness 


Goes  (mm) 

Fails  (mm) 

Experimental  (mm) 

Thick  aluminum 

1.0 

0.75 

0.75 

1.15 

0-25-mm  aluminum 

1.25 

1.0 

Thick  copper 

0.25  mm  copper 

0.5 

1.0 

0.33 

0.72 

0.55 

0.85 

RUN  TO  DETONATION  IN  TATB 


D.  Grief,  S.  H.  Ward,  G.  D.  Coiey 
Atomic  Weapons  Research  Establishment 
Aldermaston,  Berkshire,  UK 


Run  distance  to  detonation  has  been  measured  as  a  function  of  in¬ 
itial  shock  pressure  in  several  TATB-based  explosives.  High 
amplitude,  short  duration  shock  stimuli  generated  by  an  electric  gun 
were  used  to  initiate  small  cylindrical  wedges  of  explosive  material. 
The  transition  from  sub-detonative  reaction  to  full  detonation  was 
monitored  using  a  purpose-designed  fibre-optic/ streak  camera  diag¬ 
nostic  technique.  This  paper  describes  the  experimental  arrangement 
and  presents  the  results  in  the  form  of  Pop  plots  for  four  TATB  com- 
pns'iions.  The  method  has  produced  data  which  may  help  give  some 
insight  into  the  influence  of  particle  size  of  the  explosive  and  on  the 
effect  of  oulse  length  on  the  initiation  and  growth  to  detonation 
characteristics  in  insensitive  high  explosives. 


INTRODUCTION 

Insensitive  high  explosives  (1HE)  such  as 
TATB  provide  significant  improvements  in 
safety  for  the  HE  formulator  when  compared 
with  HMX  and  RDX,  and  in  order  to  exploit  the 
increased  safety  it  is  necessary  to  characterise 
the  response  of  IHE’s  to  a  variety  of  stimuli. 
An  inevitable  consequence  of  their  enhanced 
safety  properties  is  their  insensitivity  to  shock. 
Several  studies  have  shown  that  shock  sensitivi¬ 
ty  can  be  tailored  to  some  extent  by  adjusting 
void  percentage  and  by  modifying  explosive 
particle  size  and  shape  (1,2). 

An  experimental  method  is  described  here  in 
which  the  run  distance  to  detonation  as  a  func¬ 
tion  of  shock  pressure  has  been  measured  direct¬ 
ly  in  several  TATB-based  IHE’s.  'Two  well- 
known  techniques  have  been  combined;  the  elec¬ 
tric  gun,  which  provides  a  high  pressure,  short 
shock  pulse  of  known  amplitude  and  duration, 
and  the  explosive  wedge  method,  where  the  pro¬ 
gress  of  a  propagating  reaction  front  can  be 
followed  as  a  function  of  distance  through  the 
explosive. 

The  work  shows  how  particle  size  of  the  explo¬ 
sive  can  influence  initiation  characteristics,  and 


by  comparing  ilie  results  with  some  recent  work 
of  Seitz  (3)  the  effect  of  shock  pulse  duration  can 
be  seen. 

EXPERIMENTAL 

Since  its  introduction  several  years  ago  the 
electric  gun  has  proved  ideally  suited  to  thin- 
pulse  shock  initiation  studies.  It  produces  a  well- 
characterised,  planar  and  reproducible  shock 
stimulus  that  can  be  equalled  in  precision  only 
by  the  much  more  costly  and  complicated  explo¬ 
sive  lens  technique.  It  has  been  used  to  examine 
shock  initiation  in  a  number  of  explosives  (4,5,6). 

In  essence,  the  technique  involves  the  accel¬ 
eration  of  a  thin  plastic  disc  (flyer)  along  a  short 
barrel  to  impact  an  explosive  sample.  The  drive 
for  the  flyer  is  provided  by  the  expanding  plasma 
of  an  e'ectrically  exploded  metal  foil  confined 
behind  the  flyer.  Flyer  velocity  is  controlled  by 
adjusting  the  energy  discharged  through  the 
foil.  A  knowledge  of  the  flyer  velocity  and  of  the 
Hugoniots  of  the  flyer  and  explosive  allows  the 
input  shock  pressure  to  be  calculated;  in  addi¬ 
tion,  values  of  flyer  density  and  thickness  per¬ 
mit  calculations  of  the  pulse  duration.  Table  1 
gives  details  of  the  electric  gun  used  in  the 
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TABLE  1 
The  Electric  Gun 


Storage  Capacitance 
Circuit  Resistance 
Inductance 
Charging  Voltage 
Stored  Energy 

Flyer  -  Mylar 
Foil  -  Aluminum 
Barrel  •  PMMA 

Flyer  Velocity 

Flyer  Simultaneity  at  Impact 
Pulse  Width  in  TATB 
Input  Pressure  in  TATB 


28.6  /uF 
12  m  Q 
40  nH 

10- 25  kV 
1. 4-8.9  kJ 

12  mm  0  x  0.25  r n.-\ 

12  mm  x  12  mm  x  0.025  mm 
12  mrn  i.d.  x  2.4  mm  long 

~3-4.5  km  s-1 
&  5  ns 
O.U-OMps 

11- 26  GPa 


TABLE  2 
The  Explosives 


Explosive 

Specific  Surface  Area 
m2g-1 

Density  (%  TMD)W 

Mg  m~3 

No.  of  Wedges 

Ultrafine  TATB 

4.5 

1.787  ±  0.003  (91.7) 

5 

Superfine  TATB 

0.7 

1.783  ±  0.009  (92.0) 

10 

Standard  TATB 

0.5 

1.779  ±  0.003  (92.2) 

PBX  9502»" 

— 

1.885  (97.1) 

5 

PBX  9503w 

— 

1.899  (97.6) 

10 

percentage  theoretical  maximum  density  lbl  95/5  w/o  TATB/Kel  F 
w  80/15/5  w/o  TATB/HMX/Kel  F 


present  study.  The  single  most  important  attri¬ 
bute  of  the  gun  was  its  ability  to  provide  flyers 
routinely  which  had  a  simultaneity  of  arrival 
over  the  central  6  mm  of  better  than  5  ns  on  im¬ 
pact,  ensuring  the  input  of  a  precise  square 
shock  pulse. 

The  explosive  samples,  suppli  a.  by  J.  Wack- 
erle  and  W.  Seitz  of  LANL,  were  >\  the  form  of 
small  cylindrical  wedges,  6.3  mm  Uameter  with 
toe  thickness  of  £  100  pm  and  accurately 
measured  toe  angles  of  ~30°.  Five  TATB  ex¬ 
plosives  were  tested,  three  of  which  were  pu.-e 
TATB  compacts  which  used  powder  of  different 
particle  size,  and  two  of  which  were  LANL  PBX 
compositions.  Full  details  of  composition  and 
density  are  given  in  Table  2. 

Following  direct  shock  initiation  over  the  base 
of  the  explosive  wedge  the  angled  face  was  inter¬ 


rogated  optically  using  fibre-optic  detectors  and 
a  streak  camera  to  follow  the  progress  of  the 
reaction  wave  from  the  sub-detonative  input 
shock  to  stable  detonation.  The  run-distance-to- 
detonation  was  inferred  from  the  streak  records 
where  by  careful  analysis  the  onset  of  stable 
detonation  could  be  detected.  Figures  1  and  2 
show  how  18  fibre-optic  cables,  0.5  mm  dia¬ 
meter,  were  accurately  aligned  in  order  to  be 
placed  across  the  angled  face  of  the  wedge  with 
the  help  of  a  PMMA  holder.  A  small  air  gap  (a 
few  microns)  between  the  explosive  and  fibre 
ends  acted  as  a  “flash-gap”  and  improved  the 
resolution  of  the  streak  records. 

Two  pairs  of  larger  fibres  were  used  as  flyer 
velocity  sensors.  By  recording  the  time  taken 
L>r  the  flyer  to  travel  the  known  distance  be¬ 
tween  the  ends  of  the  fibres  (stepped  by  ~1  mm) 
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F';»r  velocity 

HE  wadg*  pfOt«»  /0.7S<rm) 


Fig.  1.  Base  and  side  views  of  the  holder/ 
optical  array/HE  wedge  in  the  experimental 
configuration 

a  velocity  at  impact  was  calculated.  The  groove 
in  the  holder  was  machined  as  a  decoupling 
device  to  prevent  preshocking  of  the  explosive 
through  the  PMMA  at  impact. 

T  ie  remote  ends  of  the  fibres  were  aligned 
horizontally  to  be  focussed  onto  the  film  track 
of  a  rotating  mirror  streak  camera. 

RESULTS 

Figure  3  shows  a  typical  streak  record  (Stan¬ 
dard  TATB  initiated  by  a  15  GPa,  0.1  ps  pulse). 
The  reaction  wave  shows  an  initial  acceleration 
up  to  the  point  T  where  a  constant  velocity  has 
been  reached,  and  T  therefore  corresponds  to 
the  onset  of  stable  detonation.  Beyond  T  the 
wave  velocity  remains  constant  until  rapid 
deceleration  occurs  somewhere  towards  the  end 
of  the  wedge.  In  order  to  calculate  shock  input 
pressures  the  Hugoniots  of  the  materials, 
together  with  the  measured  flyer  velocitiss 
(from  the  streaks)  were  required. 

Mylar 

((?  =  1.4  Mg  m~3)  U8  2.54  +  1.49  lfp  (5) 
TATB 

(6  =  1-8  Mg  m~3)  U8  =  1.77  +  2.35  Up  (2) 
PBX9502 

IQ  =  1.9  Mg  m~3)  Us  =  3.26+1.68  Up  (7) 


Since  no  Hugoniot  was  found  for  PBX9503, 
that  *or  PBX9502  was  used.  Very  little  error  is 
incurred,  since  PBX9503  contains  only  15% 
HMX,  and  the  Hugoniots  of  HMX  and  TATB 
are  similar  over  the  limited  pressure  range 
studied. 

Pop  plots  were  constructed  (log  run  distance  vs 
log  pressure)  for  each  explosive,  except  PBX9502 
which  failed  to  detonate  at  all  pressures.  The 
plots  are  given  in  Figures  4-7.  Errors  are  typi¬ 
cally  ±  0.15  mm  in  run  distance  and  ±  3%  in 
pressure.  The  high  pressure  point  in  Figure  4 
(run  distance  *  0.4  mm)  is  subject  to  a  larger  er¬ 
ror,  since  it  corresponds  to  a  very  short  run  to 
detonation.  Stable  detonation  was  achieved 
within  the  first  or  second  light  pipe,  and  the 
value  shown  is  an  upper  limit  on  the  run 
distance. 


t  /i 


rmjTTTTJTm  p  ill  ji  injun  y 
mm  I  O  2  O  3  O  * 


Fig.  2.  The  holder  and  fibre-optic  array 


Fig.  3.  Typical  Streak  Record,  Standard  TATB 
fired  at  13  kV 


DISCUSSION 

The  data  on  the  three  pure  TATB  compacts 
(Figures  4,  5,  6)  was  obtained  on  material 
pressed  to  essentially  the  same  density  (and 
hence  the  same  void  percentage),  but  using  ex¬ 
plosives  with  different  particle  size  distributions 
and  specific  surface  areas.  A  comparison  of  the 
data  is  shown  in  Fi ;  ,e  8,  where  some  recent 
results  from  Seitz  , .,  are  also  shown.  Our  data 
shows  a  trend  of  decreasing  run  distance  with 
increasing  powder  surface  area  at  any  given  in¬ 
put  shock  strength.  The  effect  is  most  marked 
between  ultrafine  and  superfine  TATB.  The  cor¬ 
relation  between  distance  to  detonation  and  par¬ 
ticle  morphology  has  been  observed  previously. 
Howe  et  al  (8)  studying  shock  initiation  of 
granular  TNT  and  Lindstrom’s  (9)  work  on 
porous  tetryl  showed  that  decreased  particle  size 
resulted  in  significant  reductions  in  run  distance. 
Schwarz  (10)  has  concluded  that  particle  size  was 
an  important  factor  in  influencing  the  promptness 
of  detonation  in  HNS-based  small  slapper 
detonators. 

A  close  comparison  with  Seitz’s  data,  shown 
in  Figure  8,  gives  some  insight  into  the  effect 
of  pulse  length.  Generally,  a  pulse  from  an  elec¬ 
tric  gun  stimulus  of  ~0.1  ps  is  assumed  to  be 
a  “short"  pulse,  but  this  can  be  somewhat 
misleading  when  looked  at  in  terms  of  the  ex¬ 
plosive  response. 

Looking  at  Seitz’s  data,  his  Pop  plots  which 
were  obtained  in  experiments  using  explosive¬ 
ly  driven,  12.5  mm  thick  flyers,  provided  sus¬ 
tained  pulses  of  several  micro-seconds  duration. 
Within  error,  his  data  for  both  superfine  and 
standard  (sustained  pulse)  is  indistinguishable 
from  ours  (0.1  ps).  Run  distance  for  these  two 
materials  therefore  is  independent  of  pulse  width, 
at  least  down  to  pulses  of  0.1  ps,  and  a  0.1  ps 
pulse  in  this  instance  is  effectively  a  sustained 
pulse.  Seitz  has  extended  his  data  at  a  single 
pressure  by  measuring  run  distance  in  superfine 
and  standard  TATB  from  an  initiation  pulse  of 
~0.02  ps  duration.  In  both  cases  a  significant 
increase  in  the  distance  to  detonation  was 
observed.  Taking  the  data  together,  a  pulse 
width  effect  is  seen  between  ~0.1  and  ~0.02  ps. 

The  results  on  ultrafine  TATB  are  not  so  easy 
to  interpret,  since,  as  stated  earlier,  our  point 
at  25  GPa  is  subject  to  large  error;  it  is  plotted 


at  0.4  mm  which  represents  an  upper  limit 
value.  What  is  clear  in  Figur  e  8  is  that  for  very 
short  pulses  (0.02  ps)  Seitz  has  shown  that 
distance  to  detonation  increases  over  the  value 
for  a  sustained  pulse,  but  that  the  increase  is 
very  much  less  than  for  the  coarser  TATB’s. 

The  lack  of  resolution  in  our  25  GPa  measure¬ 
ment  cannot  however  explain  the  apparent 
crossover  in  the  0.1  ps  and  sustained  pulse  Pop 
plots  at  around  14  GPa.  It  is  very  difficult  to 
envisage  a  mechanism  to  account  for  the  obser¬ 
vation.  It  is  possible  that  greater  errors  than  are 
suspected  may  be  attributed  to  the  11  GPa 
point  since  the  ultrafine  TATB  is  very  close  to 
its  threshold  initiation  energy  at  this  pressure 
(2).  Around  this  region  it  may  be  expected  that 
run  distance  will  increase  very  steeply  with 
reducing  pressure  -  hence  a  small  error  in  the 
flyer  velocity  measirement  could  lead  to  a 
disproportionately  large  error  in  run  distance. 

Also,  if  our  Pop  plot  is  as  shown  in  Figure  8, 
Seitz’s  short  pulse  point  falls  on  0.1  ps  curve. 
It  is  difficult  to  see  why  there  should  not  be  an 
extension  in  run  distance  as  the  pulse  width 
reduces  from  0.1  to  0.02  ps,  since  a  reduction 
is  seen  in  going  from  a  sustained  to  a  0.1  ps 
pulse  (at  17  GPa). 

It  seems  most  likely  that  our  data  has  over¬ 
estimated  the  25  GPa  run  distance,  and  that  the 
0.1  ps  Pop  plot  lies  somewhere  below  where  it 
is  plotted  in  Figure  8. 

Figure  7  shows  the  Pop  plot  obtained  for 
PBX9503,  which  was  pressed  to  a  much  higher 
density  than  the  pure  TATB’s  (see  Table  2).  The 
Pop  plot  is  indistinguishable,  within  error,  from 
that  for  standard  TATB  (Figure  6).  It  appears 
therefore  that  the  factor  wliich  might  be  expected 
to  have  caused  a  reduction  in  run  distance  (intro¬ 
duction  of  15%  of  the  more  shock  sensitive  HMX) 
has  been  cancelled  out  by  the  introduction  of 
binder  and  by  the  reduction  in  void  fraction  from 
8%  to  2.4%. 

PBX9502  failed  to  detonate  at  the  highest 
available  pressure,  which  on  our  gun  was  ~26 
GPa  (from  a  flyer  travelling  at  ~4.5  km  s-1). 
The  result  was  not  unexpected  since  Jackson  et 
al  (6)  have  reported  that  for  a  6.3  mm  diameter 
flyer  impacting  a  25  mm  diameter  TATB 
charge,  a  velocity  of  9.0  km  s-1  just  initiated 
detonation. 
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compared  with  that  of  Seitz  13)  on  the  same  explosives 


Fig.  8.  Present  data 

The  present  experiments  were  not  designed 
to  yield  accurate  threshold  data,  but  limits  on 
the  initiation  energy  fluences  Ec  (calculated 
from  the  Walker-Wasley  P2x  criterion  (11)) 
could  be  inferred  from  the  data.  Ir.  those  cases 
where  at  least  one  wedge  failed  to  detonate,  up¬ 
per  and  lower  bounds  are  quoted;  for  ultrafine 
TATB  all  wedges  detonated  and  for  PBX9503 
all  failed. 


TABLE  3 

Critical  Energy  Fluences 


Explosive 

Ec  (MJ  m2) 

Ultrafine  TATB 
Superfine  TATB 
Standard  TATB 
PBX9503 

PBX9502 

Ec  <  1.9 

2.3  <  Ec  <  2.6 

2.1  <  Ec  <  2.7 

2.0  <  Ec  <  2.9 

4.0  <  Ec 

Where  comparison  is  possible  (for  the  pure 
TATB’s)  the  results  are  in  good  agreement  with 
those  of  Honodel  (2). 

CONCLUSIONS 

1.  By  combining  the  electric  gun  and  explo¬ 
sive  wedge  techniques  run  distance  has  been 
measured  directly  in  various  TATB-based 
explosives.  Pop  plots  have  been  constructed  by 
measuring  the  run  distance  as  a  function  of  in¬ 
put  shock  pressure. 

2.  Fine  particle  TATB  (ultrafine)  shows  a 
significantly  shorter  run  distance  to  detonation 
than  do  the  coarser  materials  (superfine  or  stan¬ 
dard)  at  any  pressure  over  the  range  studied 
(11-26  GPa). 

3.  Comparison  of  the  data  with  that  of  Seitz  (3) 
on  the  same  materials  shows  that  for  standard 
and  superfine  TATB  the  explosives  do  not  dis¬ 
tinguish  between  pressure  pulses  with  durations 
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from  several  microseconds  down  to  0.1 
microseconds  but  an  extension  in  run  distance 
occurs  for  pulses  of  ''■'0.02  pis  duration. 
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The  Electric  Gun  &  Explosives 
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The  Diagnostics 


The  angled  face  of  the  wedge  was 
interrogated  with  an  array  of  fine 
fibfe*optic  cables 
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|  the  remote  ends  of  the  fibres  were  focussed 
onto  the  film  track  of  a  streak  camera. 

1  Foot  additional  fibres  monitored  ftyer  velocity, 
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THE  USE  OF  THE  DOUBLE  PIPE  TEST  TO  INVESTIGATE  THE  RUN-UP 
AND  RUN-DOWN  FROM  INITIATION  IN  PNEUMATICALLY  LOADED  ANFO 


M.  P.  du  Plessis*  and  C.  M.  Lownds 
AECI  Explosives  and  Chemicals  Limited 
Research  Department,  PO  North  Rand  1645 
South  Africa 


The  Double  Pipe  Test  (DPT}  has  been  used  to  investigate  run  to 
detonation  effects  in  pneumatically  loaded  ANFO  in  40  and  50  mm 
diameter  simulated  boreholes.  The  results  demonstrate  that  the  DPT 
is  a  useful  method  of  investigating  transient  detonation  effects 
without  sophisticated  and  costly  instrumentation.  The  explosive  is 
tested  under  conditions  which  are  relevant  to  the  conditions  under 
which  the  explosive  will  be  used  in  the  field.  Run-up  distances  of  5 
charge  diameters  on  either  side  of  typical  initiators  of  pneumatical¬ 
ly  loaded  ANFO  were  observed. 


INTRODUCTION 

Pneumatically  loaded  ANFO  is  extensively 
used  in  South  African  mines  in  stoping,  tunnel¬ 
ling  and  ring  blasting  with  boreholes  approxi¬ 
mately  1 .2  m,  2.0  m  and  up  to  30  m  long  respec* 
tively.Boreholes  vary  from  approximately  25  to 
50  mm  in  diameter.  A  wide  variety  of  initiators 
are  used  depending  on  conditions.  In  boreholes 
less  than  3  m  long  detonators/primer  cartridges 
are  used  as  initiators.  Regulations  require  that 
holes  longer  than  3  m  be  traced  with  detonating 
cord.  Primer  cartridges  or  pentolite  boosters  are 
used  in  combination  with  the  detonating  cord. 

The  wide  variety  of  initiators  used  means  that 
there  is  nearly  always  some  mismatch  between 
the  detonation  pressure  and  diameter  of  the  ini- 
tiatior  and  those  of  the  ANFO  in  the  borehole. 
The  detonation  therefore  runs  up  or  down  to  its 
steady  state  velocity  (which  depends  on  charge 
diameter).  Unsteady  detonation  usually  lasts 
from  3  to  6  charge  diameters  (1),  but  run-ups 
as  long  as  12  charge  diameters  have  been 
observed  (2). 
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Transient  detonation  effects  are  difficult  to 
detect  and  relatively  sophisticated  instrumenta¬ 
tion  is  required.  A  new  test,  the  Double  Pipe  Test 
(DPT),  has  been  devised  (3)  which  permits  the 
investigation  of  transient  detonation  effects. 
The  test  is  simple  to  conduct  and  the  explosive/ 
initiator  system  is  used  in  the  same  configura¬ 
tion  as  encountered  in  the  borehole  in  rock.  The 
DPT  measures  the  peak  pressure  generated  in 
the  simulated  borehole  by  the  explosive. 

It  is  not  known  what  influence  these  transient 
detonation  effects  have  on  rock  breaking.  Re¬ 
cent  tests  on  explosives  in  intermediate 
diameter  boreholes  (4)  ut'ing  the  DPT  suggest 
that  considerable  improvements  in  rock  break¬ 
ing  performance  are  possible  by  controlling 
these  transient  detonation  effects  by  choosing 
the  appropriate  initiating  system.  This  paper 
describes  the  use  of  the  DPT  to  investigate  the 
run  to  detonation  distances  associated  with  the 
initiation  of  pneumatically  loaded  ANFO  in 
simulated  boreholes. 

THE  DOUBLE  PIPE  TEST  'DPT) 

The  experiment  consists  of  a  thin  walled  steel 
tube  filled  with  explosive  (simulated  borehole), 
this  placed  on  top  of  a  thick  walled  steel  tube 
(witness  pipe)  which  lies  on  a  rigid  steel  anvil 
placed  on  the  ground.  After  the  explosive  has 
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been  detonated  the  witness  pipe  is  recovered 
and  its  deformation  measured.  Computer 
analysis  (5)  shows  that  the  dent  made  in  the 
witness  pipe  correlates  with  the  peak  pressure 
generated  in  the  top  pipe  by  the  explosive.  The 
continuous  dent  depth  record  therefore  reflects 
the  continuous  peak  lateral  pressure  from  the 
explosive  along  its  length.  The  experimental  set¬ 
up  of  the  DPT  is  shown  in  Fig.  1. 

The  time-scale  of  the  DPT  is  ca  40  fuS  for  a 
40  mm  diameter  charge.  In  essence  the  test  pro¬ 
vides  information  on  the  reaction  of  solid  ingre¬ 
dients.  and  has  been  used  particularly  to  in¬ 
vestigate  metal  fuels  (3).  The  DPT  may 
therefore  provide  useful  information  on  the  reac¬ 
tion  rates  of  solid  ingredients  during  the  run  to 
a  steady  detonation. 

EXPERIMENTAL 

ANFO  was  pneumatically  loaded  into  40  mm 
and  50  mm  diameter  x  2  m  long  steel  pipes.  The 
pipes  were  closed  at  each  end  with  cork  stop¬ 
pers.  In  the  40  mm  pipes  the  initiators  were 
placed  half-way  along  the  pipe  (at  1000  mm)  so 
as  to  investigate  transient  effects  on  both  sides 
of  the  initiator.  It  was  not  always  possible  to 
fill  the  pipe  completely.  The  detonating  cord 
was  centered  in  the  50  mm  diameter  pipes  by 
passing  the  cord  through  the  middle  of  cork 


stoppers.  The  cord  was  tensioned  by  knotting 
at  the  corks.  Previous  tests  in  open  ended  pipes 
indicated  that  these  knots  were  initiating  the 
ANFO.  The  corks  were  therefore  introduced  to 
reduce  the  shockwave  due  to  the  knot  of 
detonating  cord. 

The  witness  pipe  consisted  of  50  mm  o.d.  x 
36  mm  i.d.  steel  hollow  bar  filled  with  water  to 
prevent  the  top  pipe  smashing  the  bottom  pipe. 
The  response  of  the  water  filled  witness  pipe 
was  thus  non-linearly  related  to  the  peak 
pressure  in  the  top  pipe.  ANFO  (prill  density  ca 
0.78  Mg  m-3)  was  pneumatically  loaded  to  a 
density  of  ca  0.90  Mg  m~3. 

The  experiments  are  listed  in  Table  1. 

RESULTS 

The  behaviour  of  pneumatically  loaded 
ANFO  in  40  mm  diameter  pipes  is  shown  in 
Fig.  2. 

Fig.  2  highlights  cases  of  run-up  and  run¬ 
down  to  a  steady  state  detonation.  After  the  in¬ 
itial  transient  detonation  the  same  steady  state 
is  established  despite  the  different  methods  of 
initiation  and  applied  to  all  the  initiators  tested 
in  40  mm  diameter  pipes.  Differences  in  dent 
less  than  ca  2  mm  are  not  significant.  The 
witness  pipe  dents  in  the  vicinity  of  all  the 


A 

B 

C 


Steel  top  pipe  filled  with  explosive 
Steel  witness  pipe  filled  with  water 
Steel  anvil  resting  on  firm  ground 


Fig.  1.  The  Double  Pipe  Test 
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TABLE  1 

Initiators  used  in  the  Double  Pipe  Tests 


Test 

No. 

Top  Pipe 
Diameter  (mm) 

Initiator 

Position  of  Initiator 
Top  Pipe  (mm) 

1 

40 

No.  4  Detonator  (ca  0.09  g  PETN) 

1000 

2 

40 

No.  8  Detonator  (ca  0.78  g  PETN) 

1000 

3 

40 

200  g  Dynamite  Primer  (32x200 
mm)  +  No.  6  Detonator  (ca  0.36  g 
PETN) 

1000 

4 

40 

30  g  Pentolite  Booster  4-  No.  6 
Detonator 

1000 

5 

50 

30  g  Pentolite  Booster 

0  (top  of  pipe) 

6 

50 

10  gm~5  Detonating  Cord 

0  -  2000 

7 

50 

4  gm-1  Detonating  Cord 

0  -  2000 

8 

50 

_ 

10  gm-1  Detonating  Cord  4-  30  g 
Pentolite  Booster 

Cord:0  -  2000 

Booster:  1000 

O  900  tOOO  1500  2000 

distance  aeons  pipe  (mm) 

o  DYNAMITE  PRIMER  ♦  PENTOUTE  BOOSTER 


Fig,  2  Dents  delivered  to  the  witness  pipes  by  different  initiators 


the  initiators  in  40  sun  diameter  pipes  are 
shown  in  Fig.  3. 

The  dent  profiles  are  symmetrical  about  the 
initiators  and  the  detonation  takes  oa  200  mm 
(i.e.  5  charge  diameters)  to  run  up  to  a  steady 
state  on  either  side  of  the  initiators.  In  the  case 
of  initiation  w'th  a  pentolite  booster  there  is 
over-booslering  and  the  detonation  runs  down 
to  a  steady  state  within  60  mm  (1.5  charge 
diameters) 


In  all  case*  initiation  to  the  right  (forward  prim¬ 
ing)  and  initiation  to  the  left  (reverse  priming)  ap¬ 
peared  similar.  The  shapes  of  the  "pressure  wells” 
in  the  vicinity  of  the  initiators  differ.  The  trace 
of  initiaU  n  with  the  dynamite  orirner  includes 
the  run-up  to  detonation  within  the  primer  as  well 
as  run-up  in  the  ANFO  The  depths  of  the 
"pressure  wells”  and  ttie  slope  of  the  dent  vs 
distance  curve  is  complicated  by  the  different 
sizes  and  orientations  of  the  initiators  and  possi¬ 
ble  chock  reinforcement  at  the  steel  pipe  walls. 
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The  DPT  results  discussed  above  illustrate 
three  important  modes  of  ANFO  initiation.  These 
are  discussed  hi  terms  of  the  variation  of  tne 
steady  detonation  velocity  with  inverse  diameter. 
Fig.  4.  shows  an  idealised  curve.  This  curve  has 
three  regions: 

—  the  upper  curve  shows  how  stable  detonation 
varies  with  diameter 

—  the  turning  point  corresponds  to  the  failure 
state  (at  the  critical  diameter) 

—  the  lower  curve  shows  how  the  minimum  in¬ 
itiation  impulse  varies  with  the  diameter  of 
the  initiator. 

All  the  detonators  used  had  diameters  much 
less  than  critical  diameter  of  the  ANFO.  After  in¬ 
itiation  the  detonation  velocity  decreases  and  the 
diameter  of  the  detonation  increases  with  time, 
intersecting  the  minimum  initiation  conditions  of 
the  ANFO  close  t  >  the  critical  point.  From  this 
point  the  detonation  builds  up  to  a  steady  state 
which  is  recorded  in  the  appropriate  DPT  traces. 

The  pentolite  booster  had  a  a.'a  meter  very  close 
to  the  critical  di. .meter  of  fhe  ANFO.  The  rapid 
decay  and  expansion  of  the  detonation  velocity 
of  the  booster  intersected  the  upper  part  of  the 
curve,  initiating  a  stable  ANFO  detonation  very 


rapidly.  The  diameter  and  detonation  velocity  of 
the  dynamite  primer  placed  it  in  the  acceleration 
region  of  the  curve.  Since  the  run-up  distances 
uom  the  primer  and  the  detonators  are  very 
similar  it  is  likely  that  the  decaying  impulse  from 
the  detonator  intersected  the  curve  close  to  the 
initiation  point  from  the  low  detonation  velocity 
primer  (6). 

Fig.  5  shows  the  initiation  of  pneumatically 
loaded  ANFO  in  50  mm  diameter  pipes.  The 
depth  of  dent  from  point  initiation  by  a  pentolite 
booster  yields  a  deeper  dent  than  that  obtained 
from  axi&j  initiation  with  detonating  cord.  The 
end  effect  between  0  and  250  mm  along  the  pipe 
arises  because  of  incomplete  filling  of  the  pipe. 
The  detonating  cord  initiates  a  low -order,  lateral 
detonation  which  steadily  follows  tha,  in  the  cord. 
The  effective  diameter  of  the  charge  is  halved 
because  of  the  lateral  initiation  from  the  cord  in 
the  middle  of  the  pipe.  Previous  results  have 
shown  that  if  the  detonating  cord  is  traced  along 
the  pipe  inner  wall  deeper  dents  are  obtained 
because  of  the  larger  effective  charge  diameter 
and  the  shock  reinforcement  at  the  pipe  wall.  In 
contrast  the  pentolite  booster  initiates  a  high- 
order  detonation  which  propagates  along  the  en¬ 
tire  length  of  the  charge. 


INVERSE  DIAMETER 

Fig.  4.  Idealised  inverse  charge  diameter  vs  detonation  velocity  curves  for  pneumatically-loaded  ANFO 
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Fig.  6.  The  effect  of  a  pentolite  booster  threaded  along  the  det  mating  cord 


The  use  of  a  pentolite  booster  threaded  onto  the 
detonating  cord  has  a  limited  effect  on  the  per¬ 
formance  of  the  ANFO.  The  appropriate  traces 
in  Fig.  6  show  that  the  effect  of  a  30  g  pentolite 
booster  (in  a  charge  traced  by  cord)  lasted  about 
400  mm  or  8  charge  diameters.  Thereafter,  the 
effect  of  the  booster  was  soom  “forgotten"  by  the 
detonation;  the  conical  detonation  of  the  low  peak 
lateral  pressure  was  soon  re-established. 

DISCUSSION 

The  results  presented  above  indicate  that  a 


transient  detonation  exists  for  a  distance  of  ca 
200  mm  on  both  sides  of  typical  initiators  of 
pneumatically  loaded  ANFO  in  40  mm  diameter 
steel  pipes.  If  this  situation  occurs  in  boreholes 
in  rock  it  means  that  the  explosives  will  not  per¬ 
form  optimally  for  ca  400  mm  (10  charge  dia¬ 
meters)  along  the  explosive  column.  In  short 
boreholes  (ca  1-1.5  m  long)  this  could  constitute 
up  to  30%  of  the  column  length.  If  the  initiator 
is  placed  at  some  point  in  the  bottom  third  of  the 
borehole  the  run  to  detonation  effects  could  have 
a  significant  influence  on  breaking  in  the  end  of 
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of  borehole  and  on  the  formation  of  sockets. 

Tests  in  50  mm  diameter  pipes  indicate  that 
normal  detonating  cord  will  not  initiate  a  high 
order  detonation  in  pneumatically  loaded  ANFO. 
On  the  other  hand,  the  use  of  detonating  cord 
along  the  length  of  the  borehole  has  the  great  ad¬ 
vantage  of  exposing  every  section  of  the  hole  to 
the  initiator.  This  is  particularly  important  in  long 
holes  where  gaps  or  obstructions  in  the  column 
can  cause  propagation  failures.  It  has  also  been 
demonstrated  that  boosters  threaded  along  the 
detonating  cord  have  little  effect  on  the  quality 
of  the  detonation  in  the  borehole. 

The  results  presented  yield  valuable  informa¬ 
tion  on  the  initiation  and  propagation  of  detona¬ 
tion  in  pneumatically  loaded  ANFO.  This  infor¬ 
mation  is  obtained  without  the  use  of  costly  and 
sophisticated  instrumentation.  In  addition  the  ex¬ 
plosive  is  tested  in  a  manner  which,  as  closely  as 
possible,  simulates  its  use  in  the  field.  The  DPT 
is  therefore  a  very  useful  method  of  investigating 
important  aspects  of  the  practical  use  of  commer¬ 
cial  explosive  performance  and  can  be  conducted 
by  a  relatively  unsophisticated  user. 
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SIMULATING  THE  INITIATION  OF  HIGH  EXPLOSIVE 
BY  EXPLOSIVE  TRAINS 


F.  Leibundgut 

Oerlikon-Buehrle  AG.  Zurich,  Switzerland 


The  Initiation  of  the  explosive  charge  of  a  35mm  air-defence  shell 
by  the  booster  charge  was  investigated  by  means  of  the  2-dimensional 
Lagrangian  hydrodynamic  code  ALIEN.  In  the  shell  question,  a  por¬ 
tion  of  the  booster  projects  into  a  cavity  in  the  high  explosive  charge. 
The  initiation  of  the  high  explosive  depends  on  the  geometry  and 
relative  positioning  of  booster  and  cavity.  Experiments  show  that 
if  the  axial  distance  between  these  two  elements  is  increased  beyond 
a  critical  distance,  then  the  initiation  in  the  radial  direction  becomes 
impossible.  The  phenomena  described  were  simulated  for  a  cross- 
section  of  the  shell  and  for  various  geometries;  all  components  of  the 
actual  shell  which  might  in  reality  affect  the  observed  process  were 
taken  into  consideration  in  the  computations.  The  high  explosive  was 
assumed  to  be  PBX-9404.  The  HE  reaction  was  modelled  according 
to  the  Forest-Fire  Burr  Model.  Simulation  results  for  a  few 
geometrical  arrangements  are  pre  “H ted,  showing  the  spacial  and 
chronological  development  of  pressure  and  reaction  zone  in  the  HE 
charge,  as  well  as  the  location  at  which  the  initiation  commences. 
Computed  values  for  initiation  delay  times  as  a  function  of  the 
booster/cavity  design  and  for  the  corresponding  critical  distance  for 
each  design,  are  compared  with  experimental  results. 


INTRODUCTION 

'I’his  paper  deals  with  computational  analysis 
of  the  initiation  process  of  the  HE  in  35mm  air- 
defence  shell.  All  components  around  the 
booster  have  been  taken  into  account  in  this 
analysis.  The  detonator  as  well  as  the  initiation 
of  the  booster  charge  were  not  included  in  the 
simulation.  In  all  the  simulations  carried  out, 
it  was  assumed  that  the  initiation  of  the  booster 
charge  by  the  detonator  had  already  occurred, 
and  that  booster  detonation  at  the  booster/ 
detonator  interface  had  already  commenced. 
The  computations  refer  therefore  to  the  interac¬ 
tion  phenomena  between  the  booster,  the 
booster  holder,  the  surrounding  parts  and  the 
HE  main  charge. 


at  ion  in  the  barrel  on  the  main  charge  so  as  to 
prevent  any  break-up  of  the  main  charge  in  this 
critical  region.  This  ring  must  have  an  opening 
through  which  the  booster  can  project  into  the 


Fig.  1. 


main  charge.  The  variations  within  the  manu¬ 
facturing  tolerances  of  all  relevant  parts  mean 
that  the  axial  gap  {Fig.  2)  between  the  booster 
end  and  the  cavity  bottom  in  the  main  charge 
can  vary  from  shell  to  shell.  A  variation  in  the 


The  main  charge  is  bounded  on  this  fuze  side 
by  a  supporting  ring.  This  ring  has  the  function 
of  absorbing  the  setback  forces  during  acceler- 
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relative  booster  pos:tion.  however  has  a  direct 
influence  on  the  initiation  behaviour  of  the  main 
charge.  When  the  above-mentioned  axial  gap  is 
increased  beyond  a  certain  maximum  gap 
distance  the  radial  initiation  of  the  main  charge 
becomes  impossible.  Increasing  the  gap  further 
eventually  prevents  the  axial  initiation  of  the 
main  charge. 

The  air ,  of  this  paper  is  the  analysis  of  the 
initiation  capability  of  the  booster  as  a  function 
of  the  size  of  the  axial  gap.  Calculations  were 
also  carried  out  without  the  presence  of  the  sup¬ 
porting  ring  permitting  the  influence  of  that 
ring  on  the  initiation  capability  of  the  main 
charge  to  be  determined.  Further  investigations 
were  made  to  determine  the  influence  of  the 
damping  plastic  ring  placed  between  the  sup¬ 
porting  ring  and  the  main  charge. 
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Fig.  3 


/arlant  (2)  Variant  (3) 

with  supporting  with  supporting  ring 
ring  with  plastic  ring 

Fig.  2. 

EX PERIM ENTAL  K ESULTS 

The  following  charts  (Fig.  3)  show  the  ex¬ 
perimental  results  of  initiation  delay  and  frag¬ 
ment  velocity  measurements  as  a  function  of 
the  axial  gap  between  end  of  the  booster  and 
the  bottom  of  the  cavity  in  the  main  charge  (Fig. 
4).  The  initiation  delay  is  defined  as  the  time  dif¬ 
ference  between  booster  initiation  and  the  first 
emission  of  light  by  the  exploding  projectile. 
The  measurements  determined  the  critical  axial 
gap  value  as  being  in  the  range  of  7  to  12  mm. 


NUM ERICAL  CALCULATIONS 

The  numerical  calculations  had  been  carried 
out  with  the  computer  program  ALIEN. 
“ALIEN”  is  a  two  dimensional  explicit  La- 
grangian  finite  difference  code.  The  different 
components  of  a  functional  group  can  be  defined 
independently,  the  computation  takes  automati¬ 
cally  into  account  the  interaction  phenomena 
between  those  different  parts.  Individual  parts 
may  also  be  out  of  reactive  materials. 

MODELING 

The  booster  holder  is  composed  in  reality  of 
two  parts  (Figs.  1  &  2)  but  was  taken  as  being 
one  single  part  for  the  purpose  of  this  analysis 
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PROGRAM  ALIEN 


Part  1:  Booster  charge  reacted Part  2:  Booster  charge  unreactcd;  Part 
3:  Booster  housing  (steel);  Part  4;  Booster  holder  (aluminum);  Part  5:  Sup¬ 
porting  ring  (aluminum);  Part  6:  Plastic  ring;  Part  7:  Shell  body  (steel); 
Part  8:  Main  charge  (PBX-9404). 

Fig.  5. 


(Fig.  5,  Part  4).  At  the  cavity  surface,  where  the 
ignition  of  the  main  charge  can  be  expected,  a 
specially  fine-meshed  grid  with  a  typical  cell 
dimension  of  0.1  mm  was  implemented.  Part  1 
(Fig.  5)  represents  the  already  ignited  and  com¬ 
pletely  reacted  H  E-mass  of  the  booster  charge 
at  the  start  of  the  calculation.  This  reacted  HE 
mass  has  an  initial  reaction  velocity  of  -0.1 
cm/ps  and  ignites  with  its  piston-'ike-effect  the 
still  unreaUed  HE  mass  of  part  2  (Fig.  5).  We 
uced  the  HOM  equation  of  state  for  all  parts  ex¬ 
cept  the  plastic  ring.  The  description  of  this 
equation  as  well  as  all  material  properties  and 
parameters  can  be  found  in  (1).  A  Polyr.ominal 
of  the  type  P  =  a  +  bp  +  c/P  (a  =  0),  b  =  0  1, 
c  =  0.2;  p  =  q!q0  )  was  used  for  the  equation 
of  state  of  tb°  plastic  ring.  The  HE-reaction  was 
controlled  b>  -.ae  Forest-Fire  Burn  Model.  Table 
1  displays  a  summary  of  the  nunt  important 
material  properties 

RESULTS 

The  inside  shape  of  the  booster  housing  bo* 
tom  determines  the  shaering  of  this  section  of 


the  booster  housing  after  the  booster  charge 
detonation  into  three  parts:  one  is  accelerated 
radially,  one  axially  and  one  at  45°  (Fig.  6). 

The  axially  flying  component  which  is  a  disk¬ 
shaped  fragment,  barely  changes  its  shape  over 
relatively  large  distances.  This  confers  to  the 
fragment  the  capability  of  transferring  its  ki¬ 
netic  energy  to  an  HE-charge  over  a  relatively 
large  distance,  much  like  the  so-called  “Flyers”. 
The  calculations  have  confirmed  that  the  disk 
shaped  fragment  produces  spontaneous  im  ia- 
tion  of  the  HE-main  charge  for  all  axial  gaps 
and  all  3  variants  (Fig.  2).  In  reality  however, 
a  proper  initiation  of  the  HE  main  charge  is  no 
longer  achievable  for  axial  gaps  larger  than  about 
7  mm.  This  is  probably  due  to  the  air  mass  en¬ 
closed  in  the  cavity  which  produces  an  air  drag 
or  damping  effect  onto  the  disk  in  such  a  way 
that  the  resulting  shock  amplitude  is  not  suffi¬ 
cient  properly  to  initiate  the  HE  main  charge. 
This  effect  was  not  considered  in  our  calculations 
since  we  assumed  that  the  space  between  all  the 
components  were  empty  (vacuum). 
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TABLE  1 


Material 

EOS 

Model 

Burn 

Model 

Density 

(g/eem) 

Yield 

Strength 

(MBar) 

Shear 

Modulus 

(MBar) 

Aluminum 

HOM 

— 

2.785 

0.0055 

0.23 

Steel 

HOM 

— 

7.917 

0.0075 

0.987 

Plastic 

POLYNOM 

— 

0.8 

0 

0 

PBX-9404 

Unreacted 

HOM 

Forest 

Fire 

1.844 

0 

0 

PBX-9404 

Products 

HOM 

1.844 

0 

0 

Whether  the  radial  component  of  the  booster 
housing  is  capable  of  initiating  tbe  main  charge 
depends  on  the  variant  (Fig.  21.  For  Variant  (1) 
without  supporting  ring  the  simulation  shows 
only  a  partial  reaction  of  the  HE  main  charge 
which  depends  on  the  gap  distance  (Fig.  7).  In 
Variant  (2)  and  (3).  on  the  other  hand,  spon¬ 
taneous  and  radial  initiation  of  the  H E-charge 
takes  place  at  the  three-way  boundary  point 
(booster  housing  -  supporting  ring  -  HE  main 
charge)  for  a  gap  distance  less  than  8  mm  due 
to  an  "inclusion  effect"  (Fig.  8-10).  The  radial- 
1\  expanding  booster  housing  first  hits  the  sup¬ 
porting  ring,  producing  a  shock  wave  inside  the 
ring  which  propagates  towards  the  main  charge. 
This  shock  wave  is  then  superposed  on  a  second 
wave,  coming  radially  from  tla  impact  of  the 
booster  housing  with  the  main  charge  at  the 
above-mentioned  three  way  bo  indnry  point. 
The  superposition  of  these  shock  waves  with  a 
locally  massive  confinement  cause  a  zone  of  in¬ 
creased  pressure  at  the  three  way  boundary 
point,  which  finally  produces  the  reaction  of  the 
main  charge.  Variant  (3)  with  the  plastic  ring 
shows  no  significant  difference  fr  Variant  (2) 
concerning  the  initiation  at  the  mentioned  three 
way  boundary  point. 

CONCLUSIONS 

The  simulation  of  the  1 1  E-initiation  in  a  35mm 
air-defence  shell  by  means  of  a  finite  difference 
program  allows  a  closer  look  into  phenomena 
which,  although  observeable  with  experimental 
methods,  are  not  open  to  experimental  investi¬ 
gation  and  analysis  with  the  same  degree  of 


thoroughness.  The  increasing  demands  for  com¬ 
plex  design  analyses  e.g.  in  relation  with  pro¬ 
blems  in  detonics  and  more  generally  in  ord¬ 
nance  technology  will  in  the  future  increase  the 
number  of  opportunities  to  use  the  powerful  and 
efficient  tool  of  numerical  methods.  The  ob¬ 
served  phenomena  of  shock  wave  superposition 
in  a  boundary  zone  will  be  object  of  further  cal¬ 
culations.  The  control  of  shock  wave  propaga¬ 
tion  and  of  shock  wave  focusing  in  one  deter¬ 
mined  point  which  at  the  same  time  could  be  a 
boundary  point  of  different  media  could  make 
feasible  a  proper  initiation  of  HE  charges  with 
relative  low  energy  levels. 


Fig.  6.  Break-up  booster  housing 
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INFLUENCE  OF  AIR  GAPS 
ON  DETONATION  PROPAGATION  IN  CHARGES 
CONSISTING  OF  STACKED  BLOCKS  OF  CAST  TNT 

A.  W.  Gibb 

Defence  Research  Establishment  Suffield 
Ralston,  Alberta,  Canada 


A  series  of  experiments  was  conducted  to  examine  the  influence  on 
the  uniformity  of  detonation  propagation  of  air  gaps  between  large 
blocks  of  slow-cooled  cast  TNT.  Donor-receptor  geometries  examined 
were  (i)  two  blocks  with  the  detonation  front  parallel  to  the  gap  edge, 
and  (ii)  four  blocks  with  one  comer  in  common  and  the  (planar)  detona¬ 
tion  front  at  an  angle  of  45 0  to  the  block  edge.  Air  gaps  from  3  mm 
to  25  mm  were  studied.  The  two-block  configurations  produced  no 
distortion  of  the  shape,  but  the  measured  detonation  velocity  in  the 
donor  blocks  and  the  scatter  in  results  in  the  receptor  blocks  were 
observed  to  be  influenced  by  the  orientation  of  the  propagation  veloci¬ 
ty  vector  with  respect  to  the  long  axis  of  the  TNT  crystals.  The  four- 
block  configuration  featured  channelling  of  detonation  gases  ahead 
of  the  front  in  the  air  gaps,  leading  to  an  initially  complex  and 
distorted  wave  structure,  as  well  as  to  a  delay  in  reinitiation ,  in  the 
vertically-opposite  receptor  block.  The  shape  distortion  and  delay  ef¬ 
fects  increased  as  the  gap  width  was  increased. 


INTRODUCTION 

From  1 958- 1 970.  a  series  of  large-scale  blast 
trials  was  conducted  at  Defence  Research 
Establishment  Suffield  in  Canada.  The  charges 
consisted  of  450000  kilograms  of  TNT  in  the 
form  of  approximately  30000  rectangular  TNT 
blocks  stacked  in  a  careful  geometric  arrange¬ 
ment  (Figure  1)  to  produce  the  desired  overall 
shape  (sphere  tangent  to  the  ground  surface  or 
a  hemisphere).  Each  charge  was  centrally  initi¬ 
ated.  On  all  of  the  shots  in  this  series,  anoma¬ 
lous  behaviour  of  the  fireball  and  shock  wave 
were  observed  when  the  charge  was  detonated. 
An  irregular  fireball  with  large  protuberances 
and  jetlike  fingers  extending  a  great  distance 
from  ground-zero  was  documented  by  both 
ground  level  and  aerial  cameras.  The  anomalies 
in  the  shock  wave  and  fireball  produced  air  blast 
loadings  which  were  unpredictable  in  both 
magnitude  and  direction.  Several  possible 
causes  of  these  anomalies  ha\e  been  identified 
(1).  These  are: 


(i)  variable  crystal  structure  within  the  blocks 

(ii)  inhomogeneities  (air  voids,  cracks,  density 
variations)  within  the  blocks 

(iii)  physical  or  chemical  impurities  within  the 
blocks 

li\ )  Taylor  instabilities  in  the  expanding  fireball 

( v)  discontinuities  (air  gaps)  between  the 
blocks. 

The  purpose  of  the  present  work  was  to  in¬ 
vestigate  whether  the  last  factor  listed,  air  gaps 
between  blocks  of  TNT  in  the  large  block-built 
TNT  charges,  could  be  contributing  to  the 
observed  anomalies.  A  full  report  on  this  work 
can  be  found  in  Reference  12). 

EXPERIMENT  GEOMETRIES 

In  Figure  2.  typical  cross-sections  through 
one  of  the  large  charges  are  shown.  It  can  be 
seen  that  the  block  geometry  encountered  by 
a  radi tilly -propagating  detonation  front  changes 
constantly  as  one  moves  from  a  radius  in  the 
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Fig.  1.  Side  view  of  stacked  500  ton  TNT  Hemisphere 


equatorial  plane  to  a  radius  along  the  vertical 
charge  axis.  Sir.ce  it  was  not  feasible  to  study 
all  possible  geometries,  three  distinct  limiting 
cases  were  chosen  for  study.  These  are  shown 
in  Figure  3.  Configuration  1  corresponds  to  a 
set  of  TNT  blocks  with  the  end  surfaces 
touching  and  the  detonation  front  proceeding 
normal  to  these  surfaces.  This  configuration  is 
encountered  in  the  equatorial  plane  of  the 
charge  (directions  1  and  2  in  Figure  2).  Con¬ 
figuration  2  corresponds  to  a  simple  stack  of 


TNT  blocks  with  the  large  side  surfaces  in  con¬ 
tact  and  the  detonation  front  proceeding  normal 
to  these  surfaces.  This  configuration  is  encoun¬ 
tered  along  the  vertical  axis  of  the  charge  (direc¬ 
tion  3  in  Figure  2).  Configuration  3  corresponds 
to  a  set  of  four  TNT  blocks  with  end  surfaces 
touching,  one  corner  in  common,  and  the 
detonation  front  proceeding  diagonally  through 
the  blocks.  This  configuration  is  encountered  in 
the  median  plane  of  the  charge  (directions  4  and 
5  in  Figure  2). 

Cl  TNT  CUINDfllCAt 
•  ICC*  dOOSTI A 


(b) 


Fig.  2.  Center  sections  through  100  ton  spherical  TNT  charge,  (a)  top  view,  (b)  side  view 
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For  both  Configurations  1  and  2,  the  detona¬ 
tion  front  is  parallel  to  the  edge  of  the  block  as 
it  crosses  the  interface  between  the  blocks.  In 
Configuration  1,  the  detonation  front  pro¬ 
pagates  across  the  long  (30.5  cm)  dimension  of 
the  block  between  discontinuities,  whereas  in 
Configuration  2  the  discontinuities  are 
separated  by  the  short  block  dimension  (10.5 
cm).  Configuration  3  is  fundamentally  different 
from  Configurations  1  and  2  in  that  the  detona¬ 
tion  front,  propagating  diagonally  across  a 
block,  intersects  the  interface  between  blocks 
at  an  angle.  Since,  for  Configuration  3,  a  com¬ 
ponent  of  the  velocities  of  the  shock  wave  and 
following  detonation  products  will  lie  parallel  to 
the  block  edge,  some  motion  of  detonation  pro¬ 
ducts  along  the  channel  between  blocks  created 
by  the  air  gap  might  reasonably  be  expected. 

An  inspection  of  photographs  showing  TNT 
blocks  being  laid  in  place  in  the  large  block-built 
charges  reveals  that  gaps  of  up  to  12  mm  can 
occur  between  blocks;  gaps  of  order  6  mm  are 
more  common;  gaps  of  25  mm  represent  an  up¬ 
per  limit.  In  the  present  study,  gap  sizes  up  to 
25  mm  were  investigated,  except  for  Configura¬ 
tion  1  where  gap  sizes  up  to  75  mm  were  studied 
to  provide  a  point  of  contact  with  previous 
DUES  work. 

On  the  interior  of  the  large  block-built  TNT 
charges,  detonation  in  a  particular  block  is 


effectively  confined  by  the  surrounding  TNT 
blocks.  The  experiments  in  the  present  work  were 
set  up  to  permit  ultra-high  speed  photography 
of  detonation  propagation  in  two  dimensions 
through  the  TNT  blocks.  This  fact  precluded 
the  use  of  other  TNT  blocks  as  a  confinement 
medium.  In  order  to  investigate  whether  con¬ 
finement  would  alter  the  experimental  results, 
some  of  the  experiments  employing  unconfined 
TNT  blocks  were  repeated  with  the  blocks  con¬ 
fined  in  transparent  plexiglass  boxes  with  19 
min  thick  walls. 

CHARGE  PREPARATION 

The  method  of  preparation  of  the  cast  TNT 
blocks  for  the  present  experiments  was  identical 
to  that  employed  for  the  large  scale  blast  trials 
(3).  They  were  formed  by  pouring  molten  TNT 
into  rectangular  molds  made  of  6  mm  and  9  mm 
aluminum  plate.  Six  molds  were  suspended  in  a 
cooling  tank.  A  header  of  molten  TNT  was  main¬ 
tained  above  each  mold  to  take  up  shrinkage  as 
the  TNT  solidified.  Once  the  TNT  had  been 
poured  into  the  molds,  the  cooling  tank  was  fill¬ 
ed  with  water  and  water  was  allowed  to  circulate 
freely  for  45  minutes.  At  the  end  of  this  period, 
the  tank  was  drained  and  the  blocks  were  allow¬ 
ed  a  natural  cooling  time  of  4.5  hours.  The  final 
dimensions  of  the  block  were  30.5  cm  x  30.5  cm 
x  10.5  cm.  The  block  density  was  1.59  glee. 


Configuration  1  Configuration  2  Configuration  3 


Fig.  3.  Experimental  Configurations  Key: - outline  of  full  blocks;  - portion  of  full  block 

used  in  experiments;  -*  initiation  plane 
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The  cooling  method  resulted  in  large  elongated 
crystals  with  the  long  axis  growing  perpen¬ 
dicular  to  the  block  surface.  A  cross-section 
through  a  block  can  be  seen  in  Figure  4.  For  Con¬ 
figuration  1  experiments,  the  detonation  front 
propagated  across  the  long  crystal  axis,  while  for 
Configuration  2  experiments  the  detonation 
front  propagated  in  the  direction  of  the  long 
crystal  axis.  This  point  will  become  important 
later  in  the  discussion  of  experimental  results. 

To  limit  the  total  quantity  of  explosive  used 
in  each  experiment,  full  TNT  blocks  were  cast, 
but  only  a  portion  of  each  block  was  used  in  a 
given  experiment.  The  solid  lines  in  Figure  3 
represent  the  portions  of  the  full  blocks  which 
were  actually  used  in  the  experiments.  The 
blocks  were  cut  using  a  steam  knife.  In  the  set 
up  of  the  experiments,  the  blocks  were  arranged 
so  that  surfaces  at  the  interfaces  between  blocks 
were  never  cut  surfaces,  but  were  always  the 
original  surfaces  produced  in  the  mold. 


Fig.  4.  Cross-section  through  center  of  TNT 
block  revealing  crystal  structure 


TECHNIQUE 

Each  experiment  consisted  of  a  single  donor 
block  and  one  to  three  receptor  blocks.  The  donor 
blocks  were  initiated  across  a  planar  surface  105 
mm  in  width  by  305  mm  in  length  using  an  ex¬ 
plosive  plane-wave  generator  of  the  ‘mousetrap’ 
variety  with  a  tetrytol  booster  pad.  The  plane- 
wave  generator  produced  a  detonation  wave  with 
a  variation  in  time  of  arrival  on  the  initiation  sur¬ 
face  of  less  than  one  microsecond.  This  cor¬ 
responds  to  a  wave  that  is  planar  over  the  initi¬ 
ation  surface  to  within  7  mm. 


Simultaneous  streak  and  framing  photographs 
of  the  detonation  front  propagating  across  air 
gaps  between  the  donor  and  receptor  blocks  were 
recorded  for  all  experiments  using  a  Cordin 
Model  330A  ultra-high  speed  camera  operated 
at  framing  rates  in  the  vicinity  of  106  frames/ 
second  (streak  writing  rate  of  5.2  mm/ps.  The 
front  surfaces  of  the  TNT  blocks  were  covered 
with  Scotchlite  sheet  and  illuminated  with  a  high 
intensity  Xenon  flashlamp  to  render  the  full 
block  surfaces  visible  at  all  times  during  the 
detonation  process.  For  Configuration  1  and  2 
experiments,  where  the  detonation  front  was  ex¬ 
pected  to  propagate  parallel  to  the  block  edge, 
three  resistive  detonation  velocity  probes  were 
cast  into  the  midplane  of  each  block  normal  to 
the  expected  direction  of  the  detonation  front. 
The  positions  of  these  probes  within  the  blocks 
and  the  recording  line  for  the  streak  measure¬ 
ment  are  indicated  in  Figure  5. 


Fig.  5.  Location  of  resistive  probes  in  TNT 

blocks.  Key: - resistive  probes; - • - 

streak  recording  line 

This  arrangement  permitted  simultaneous 
detonation  velocity  measurements  to  be  made  on 
the  surface  and  in  the  interior  of  the  blocks.  For 
Configuration  3  experiments,  in  which  the  pro¬ 
pagation  direction  of  the  detonation  front  could 
not  be  predicted  in  advance,  no  detonation 
velocity  probes  were  employed.  For  most  Con¬ 
figuration  3  experiments,  the  streak  recording 
line  was  aligned  along  the  symmetry  axis  of  the 
charge.  Velocity  measurements  along  lines  other 
than  the  streak  line  were  made  by  constructing  a 
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Fig.  6.  Detonation  velocity  measurements  from  Configuration  1  experiments  (unconfined  TNT  blocks) 
Key:  ^  streak;  ^  resistive  probe;  -  -  -  average  detonation  velocity  in  donor  blocks; 
denotes  abrupt  change  in  measured  detonation  velocity 


composite  drawing  from  the  framing  records  (us¬ 
ing  the  outline  of  the  TNT  blocks  in  the  photo¬ 
graphs  to  register  each  frame),  digitizing  suc¬ 
cessive  front  positions  on  the  drawing  in  the 
direction  of  interest,  and  fitting  the  resultant 
position-time  curves  with  a  polynomial. 

RESULTS  FOR  CONFIGURATIONS 

1  AND  2 

Average  detonation  velocities  recorded  for  un- 
cor.fined  TNT  blocks  in  Configuration  1  are  plot¬ 
ted  in  Figure  6. 

To  permit  intercomparison  of  results,  the 
results  from  individual  experiments  are  plotted 
in  sequence,  in  order  of  increasing  air  gap  size. 
The  horizontal  (.  ished  lino  in  this  figure 
represents  a  detonation  velocity  of  6.52  (0.08) 
kin  sec.  obtained  by  averaging  measured  detona¬ 
tion  velocities  in  all  donor  blocks.  The  latter 
measured  values  all  lie  within  one  standard 
deviation  of  the  average.  The  detonation 
velocities  from  the  streak  and  probe  records  for 
each  experiment  agree  within  experimental  error 
in  those  experiments  where  both  types  of  records 
are  available.  In  the  receptor  blocks,  two  distinct 
cases  exist.  In  the  first  case  (0  mm,  13  mm  and 
25  mm  air  gaps),  detonation  velocities  recorded 
on  the  surface  and  interior  of  the  receptor  block 
are  constant  throughout  the  block.  In  the  second 
case  (6  mm,  50  mm  and  75  mm  air  gaps),  the 
probe  records  on  the  block  interior  indicate  a  con¬ 
stant  velocity  throughout  the  block,  while  the 
streak  recordings  on  the  block  surface  indicate 


two  distinct  velocities  —  a  constant  low-order 
velocity  for  the  first  50  mm  followed  by  an 
abrupt  transition  to  a  stable  high  order  veloci¬ 
ty  in  the  remainder  of  the  block.  The  high  order 
velocity  agrees  within  experimental  error  with 
the  velocity  measured  on  the  block  interior.  If 
the  high  order  velocities  measured  both  on  block 
surface  and  interior  for  all  six  experiments  are 
averaged,  the  resultant  value  of  6.60  (0.11) 
km/sec.  agrees  with  Lhe  corresponding  value  in 
the  donor  blocks  within  experimental  error.  The 
value  6.60  (0.11)  km/sec.  is  in  good  agreement 
with  the  value  of  6.55  km/sec.  measured  by 
Holsgrove  (4)  in  previous  DRES  work  on  iden¬ 
tical  TNT  blocks. 

Average  detonation  velocities  recorded  for  un¬ 
confined  TNT  blocks  in  Configuration  2  are 
plotted  in  Figure  7.  The  horizontal  dashed  line 
represents  a  detonation  velocity  of  6.22  (0.07) 
km/sec.  obtained  by  averaging  the  results  in 
identical  unconfined  donor  blocks  from  five 
separate  Configuration  2  experiments.  This 
value  is  four  standard  deviations  lower  than  the 
corresponding  average  value  from  six  Configura¬ 
tion  1  experiments.  The  donor  blocks  for  each  set 
of  experiments  were  identical  and  were  initiated 
using  identical  plane-wave  generator, 'boosters. 
The  principal  difference  in  the  two  configura¬ 
tions  lies  in  the  direction  of  the  detonation  front 
velocity  vector  with  respect  to  the  long  axis  of 
the  TNT  crystals  —  perpendicular  for  Config¬ 
uration  1  and  parallel  for  Configuration  2.  The 
present  results  support  the  conclusion  that  the 
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Fig.  7.  Detonation  velocity  measurements  from  Configuration  2  experiments  (unconfined  TNT  blocks) 

Key:  4  streak;  ^  resistive  probe; - average  detonation  velocity  in  donor  blocks;  4~rT 

denotes  abrupt  change  in  measured  detonation  velocity 

high  order  detonation  velocity  in  slow-cooled  significant  increase  in  detonation  velocity  in  the 
cast  TNT  blocks  is  approximately  5  percent  donor-receptor  system, 
lower  when  the  detonation  front  is  propagating 

parallel  to,  rather  than  across,  the  long  axis  of  RESULTS  FOR  CONFIGURATION  3 

the  1  NT  crystals.  This  effect,  also  reported  by  Results  from  Configuration  3  experiments  are 

other  workers  (5, 6),  could  be  contributing  to  the  summarized  in  Figures  8  and  9.  Figure  8  shows 

blast  anomalies  observed  on  large-scale  TNT  compogite  drawings  of  the  detonation  process 

charges  by  making  the  detonation  velocity  a  extracted  from  the  framing  records  for  experi- 

function  of  propagation  direction  within  the  ments  employing  uncomined  TNT  blocks  with 

charge.  3  mm<  1 3  mm  and  25  mm  air  gaps.  For  adjacent 

receptor  blocks  A  and  B,  the  initial  direction  in 
Detonation  propagated  successfully  into  Con-  which  the  detonation  front  propagates  in  the 

figuration  2  receptor  blocks  for  air  gaps  up  to  blocks  jg  a  function  of  gap  width.  As  shown  in 

25  mm.  Results  showed  considerably  more  scat-  Fi  9  the  angle  between  this  direction  and 

ter  than  those  from  Configuration  1  blocks.  This  the  propagation  direction  in  the  donor  block  in¬ 
may  be  a  further  manifestation  of  the  influence  creases  from  16°  to  20°  to  23°  as  the  air  gap 

of  crystal  structure  on  detonation  propagation.  widfch  increases  from  3  mm  to  1 3  mm  to  25  mm 

Results  from  donor  and  receptor  blocks,  taken  respectiveiy.  jn  all  cases,  the  propagation  direc- 

together,  suggest  that  detonation  propagation  tion  appear8  to  change  gradually  back  to  a 

in  slow-cooled  cast  TNT  blocks  is  more  difficult  direction  close  to  that  in  the  donor  block  as  the 

when  the  propagation  velocity  vector  is  parallel  front  advances  into  the  receptor  block, 

to  the  long  axis  of  the  TNT  crystals.  However,  the  receptor  blocks  were  not  large 

enough  to  establish  if  the  original  propagation 
Three  Configuration  1  experiments  were  direction  would  be  completely  restored, 
repeated  with  the  TNT  blocks  tightly  confined 

in  a  plexiglass  box  with  19  mm  thick  walls.  This  In  all  Configuration  3  experiments,  phenom- 

confinement  did  not  result  in  a  statistically  ena  which  appeared  to  be  manifestations  of 
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Fi)>.  8.  Composite  drawings  of  detonation  front  progress  from  framing  camera  for  Configuration 
3  experiments  Key - denotes  region  of  constant  measured  propagation  velocity 


the  internal  channel  effect  (7,  8,  9)  were 
observed.  Luminous  detonation  product  gases 
were  observed  to  channel  ahead  of  the  detona¬ 
tion  front.  The  hot  channelled  gases  gave  rise 
to  reaction  waves  in  vertically-opposite  recep¬ 
tor  block  C.  starting  at  the  block  surfaces 
bordering  the  gap.  These  slow-mov  ing  mutual 
1>  perpendicular  reaction  waves  intersected  at 
an  interior  point.  From  the  point  of  intersection, 
a  detonation  wa\t  emerged  moving  more  or  less 
paralle'  to  the  original  detonation  front  in  the 
donor  block.  The  structure  is  reminiscent  of 
Mach  stem  formation  resulting  from  the  sym¬ 
metric  collision  of  two  strong  spherical  shock 
waves. 

In  Figure  8.  solid  straight  lines  can  be  seen 
along  the  charge  diagonal  and  in  the  air  gaps. 
The  position  and  length  of  each  line  indicate  a 
region  of  constant  propagation  velocity.  For 
each  experiment,  the  stable  detonation 
velocities  in  donor  and  receptor  blocks  are  equal 
within  experimental  error.  Measured  gas 
velocities  in  if  »  air  gaps  range  from  8.4  to  10. 1 
km  sec. 

In  Figure  9  can  be  seen  a  series  of  straight 
lines,  superimposed  on  vertically-opposite  recep¬ 
tor  bio^k  C,  and  parallel  to  the  detonation  front 
in  the  donor  block.  These  lines  represent  the 
predicted  positions  for  the  detonation  front  if 
the  air  gaps  were  not  present.  In  formulating 
these  predictions,  the  measured  stable  detona¬ 
tion  velocit>  in  the  respective  donor  block  was 


employed.  The  error  bar  on  the  predicted  posi¬ 
tion  reflects  the  uncertainty  in  the  measured 
detonation  velocity.  Also  shown  in  Figure  9  are 
the  actual  detonation  front  positions  from  the 
framing  records  at  corresponding  Limes.  For  the 
3  mm  air  gap,  the  actual  front  position  lags  the 
‘predicted’  position  but  lies  one  standard  devia¬ 
tion  from  the  predicted  position.  For  13  mm  and 
25  mm  air  gaps,  the  actual  front  position  also 
lags  the  predicted  position.  The  delay  is  well 
outside  experimental  erroi  and  is  largest  for  the 
25  mm  air  gap.  Thus  the  air  gap  between  blocks 
not  only  alters  the  initial  shape  of  the  detona¬ 
tion  front  in  the  vertically-opposite  receptor 
block  but  also  delays  the  front.  The  delay 
increases  with  air  gap  width  (less  than  2  micro¬ 
seconds  for  3  mm  gap,  of  order  9  microseconds 
for  25  mm  air  gap).  When  the  blocks  are  con¬ 
fined  by  1 9  mm  of  plexiglas,  results  are  qualita¬ 
tively  the  same  as  those  obtained  with  uncon- 
finsd  blocks.  Re- initiation  occurs  sooner  in  the 
vertically-opposite  receptor  block  when  confine¬ 
ment  is  present. 

CONCLUSIONS 

Air  gaps  of  6  to  25  mm  between  large  cast 
TNT  blocks  can  influence  both  the  shape  and 
rate  of  propagation  of  an  initially-stable  detona¬ 
tion  front  proceeding  through  the  blocks.  When 
the  detonation  front  is  parallel  to  the  gap  edge, 
no  distortion  of  the  wave  shape  occurs.  The 
detonation  velocity  in  the  donor  blocks  and  the 
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Fig  9,  Changes  in  shape  and  position  of  detonation  front  in  receptor  blocks  for  Configuration  3 
experiments 


scatter  in  -esults  in  the  receptor  blocks  are, 
however,  i  uenced  by  the  orientation  of  the 
propagation  velocity  vector  with  respect  to  the 
long  axis  of  the  TNT  crystals.  For  a  configura¬ 
tion  featuring  four  blocks  with  one  corner  in 
common  and  the  planar  detonation  front  at  an 
angle  of  45°  to  the  block  edge,  channelling  of 
detonation  gases  ahead  of  the  front  in  the  air 
gaps  occurs,  leading  to  an  initially  complex  and 
distorted  wave  structure,  as  well  as  to  a  delay 
in  re-initiation,  in  the  verticilly-opposite  recep¬ 
tor  block.  The  shape  distortion  and  delay  effects 


increase  as  the  gap  width  is  increased.  The 
delays  in  re-initiation  are  reduced  if  the  blocks 
are  confined  by  19  mm  of  plexiglass. 
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DETONATION  PROPERTIES  OF  LIQUID  NITRIC  OXIDE 


W.  C.  Davis  and  W.  C.  Chiles 
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Group  M-3,  MS  J960 
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The  detonation  properties  of  liquid  nitric  oxide,  chosen  as  a  prototype 
explosive  for  extensive  study  under  the  Fundamental  Research  on 
Explosives  program,  are  being  measured.  This  paper  concentrates  on 
the  details  of  the  experiments,  conducted  at  a  temperature  of  —158  C. 
Detonation  velocity  as  a  function  of  diameter,  detonation  wave  shape, 
and  detonation  pressure  are  the  quantities  being  measured. 


INTRODUCTION 

The  Fundamental  Research  on  Explosives  pro¬ 
gram  is  devoted  to  advancing  explosive  science 
by  making  a  detailed  study  of  a  prototype  ex¬ 
plosive,  chosen  to  be  a  simple  molecule,  nitric 
oxide  (NO),  for  which  many  properties  can  be 
calculated.  Detonation  properties,  equation  of 
state,  and  chemistry  are  all  under  study. 

Measurement  and  calculation  of  the  products 
equation  of  state  for  liquid  nitric  oxide  make  it 
possible  to  test  the  Chapman- Jouguet  theory  by 
making  a  direct  comparison  of  predicted  and 
measured  values  for  detonation  properties.  This 
paper  describes  how  some  of  the  measurements 
are  made. 

MEASUREMENTS 

A  test  of  detonation  theory  is  provided  by 
comparing  the  measured  detonation  pressure 
with  that  obtained  from  the  calculated  and 
measured  equation  of  state  of  the  detonation 
products.  The  measurements  are  made  using 
the  reflected  wire  technique  described  by  Davis 
and  Craig  (1).  The  explosive  is  contained  in  a 
long  tube,  and  the  measurements  are  inter¬ 
preted  as  described  by  Davis  and  Venable  (2). 
The  posters  show  diagrams  and  photographs  of 
the  experimental  arrangements. 

The  global  reaction  rate,  and  its  dependence 
on  the  local  state,  can  be  deduced  from 
measurements  of  the  detonation  velocity  and 
the  wave  shape  for  detonations  in  long  tubes  of 
several  diameters.  The  analysis  is  described  by 


Bdzil  (3)  and  Engelke  and  Bdzil  (4).  The  wave 
shape  is  measured  using  standard  streak 
camera  technique. 

The  experiments  must  be  conducted  using  li¬ 
quid  nitric  oxide,  and  it  is  a  liquid  (at  at¬ 
mospheric  pressure)  only  at  temperatures  bet¬ 
ween  -150  C  and  -162  C.  The  experimental  dif¬ 
ficulties  of  working  at  these  temperatures  are 
the  usual  problems  with  differential  expansion 
of  the  materials  used,  of  getting  light  signals 
out  from  a  heavily  insulated  chamber,  and  of 
holding  the  temperature  differences  over  the  full 
dimensions  of  a  large  experiment  within  the 
necessary  limits. 

The  experimental  results  are  not  yet  exten¬ 
sive  enough  for  a  reasonable  interpretation  to 
be  made.  The  purpose  of  this  paper  is  to  show 
in  the  posters  how  the  experimental  problems 
have  been  overcome. 
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CHARACTERIZATION  OF  STRONG  DETONATION  WAVES 
IN  NITROMETHANE 
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Six  overdriven  detonations  were  generated  in  nitromethane.  Their 
velocity,  pressure  and  brightness  temperature  were  measured  and 
compared  with  calculated  data  based  on  B.K.W.  and  K.H.T.  equa¬ 
tions  of  state.  There  is  a  quite  good  agreement  between  experimen¬ 
tal  and  calculated  data  in  the  case  of  pressure.  Brightness  tempera¬ 
ture  measurements  are  not  straight  representative  of  detonation 
equilibrium  temperature. 


INTRODUCTION 

Most  of  the  experimental  studies  on  detonation 
of  condensed  explosives  have  been  conducted 
on  the  steady  regime.  So  far,  for  most  of  explo¬ 
sives  only  one  point  of  their  detonation  products 
Hugoniot  has  t>een  checked.  The  upper  part  of  the 
Hugoniot  corresponds  to  overdriven  detonations. 
Such  detonations  always  exist  during  the  initia¬ 
tion  processes  of  liquid  explosives  but  they  are 
unsteady  so  their  experimental  study  is  difficult. 

In  order  to  check  the  calculations  of  the 
detonation  products  Hugoniot  of  nitromethane 
(N.M.)  away  from  its  C.J.  state  we  produced  six 
quasi-steady  overdriven  detonations  in  N.M. 
and  measured  their  velocity,  pressure  and 
brightness  temperature.  The  experimental  data 
are  compared  with  calculated  values  based  on 
B.K  W.  and  K.H.T.  equations  of  state. 

EXPERIMENTAL  DEVICE 

Overdriven  detonations  were  produced  in  a 
simple  co-axial  geometry  (Fig  1).  The  outer 
chamber  contains  an  explosive  (astrolite  ■  water 
mixture)  whose  detonation  velocity  is  faster 
than  that  of  N.M.  which  is  contained  in  the  in¬ 
ternal  cylindrical  chamber. 

The  release  of  the  detonation  products  of  the 
outer  explosive  induce  inside  N.M.  a  complex 
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Fig.  1.  Experimental  setup 

wave  system  (1)  whose  configuration  and  its 
development  is  determined  by  means  of  two 
transparent  "mylar"  strips  (10  mm  wide  and  0.1 
mm  thick)  placed  perpendicularly  to  the  axis  of 
the  cylinder.  Indeed  when  the  detonation  waves 
interact  with  a  "mylar"  strip  there  is  a  fast 
decrease  in  the  light  emitted  by  the  detonation 
fronts  which  produces  a  dark  zone  on  a  butt-end 
streak  camera  record  (Fig.  2). 

(There  was  no  "mylar"  strip  inside  the  detona¬ 
tion  tubes  used  to  measure  pressure  and 
brightness  temperature). 

From  such  records  it  appears  that  the  wave 
system  is  composed  of  a  shock  wave  in  a  trun¬ 
cated  cone  shape,  of  an  interacting  C.J.  detona¬ 
tion  wave  with  the  same  shape  and  of  an  over¬ 
driven  detonation. 
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OVERDRIVEN  DETONATION  PRESSURE 

We  used  the  electromagnetic  gage  technique 
to  measure  the  particle  velocity  of  the  over¬ 
driven  detonation  products  and  deduce  their 
pressure.  This  method  is  based  on  the  measure¬ 
ment  of  the  voltage  generated  by  a  thin  metallic 
foil  moving  with  the  flow  of  the  detonation  pro¬ 
ducts  through  a  magnetic  field.  The  active  part 
of  the  foil  was  5  mm  length  and  placed  perpen¬ 
dicularly  to  the  axis  of  the  setup  at  10  mm  from 
the  window.  The  experimental  data  (Table  1)  are 
compared  (Fig.  3)  with  calculated  values  based 
on  B.K.W.  (5)  and  K.H.T.  (6)  equations  of  state. 
The  three  sets  of  data  (experimental  and 
calculated )  (Fig.  3)  give  the  increase  in  pressure 
with  the  increase  in  velocity  with  respect  to  the 
C.J.  corresponding  values  (Table  2). 


Six  different  overdriven  detonations  with 
velocities  ranging  from  7000  to  8000  m/s  were 
produced  and  the  same  result  was  obtained  with 
each  of  them.  The  size  of  the  overdriven  detona¬ 
tion  decreases  with  increasing  the  velocity.  At 
8000  m/s  its  diameter  in  the  last  part  of  the 
device  is  about  10  mm. 

300  -  -  BKW  eos 

_ KHT  •• 

♦  Experiments 


(D-Ofj)  m/s 


dark  zone  resUtag  from  the  wterocfjon 
between  the  wove  system  end 
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detonation 
of  the  m 


Fig.  2.  Last  part  of  a  streak  camera  record. 

Thin  slits  are  made  in  the  brass  tube  to  stand 
up  the  ‘mylar”  strips.  When  the  wave  system 
crosses  these  slits,  rarefaction  waves  are 
generated  which  propagate  toward  the  axis  of 
rhv  tube.  They  lead  to  dark  zone  in  “V”  shape 
on  the  streak  camera  records. 

Previous  studies  (2)  have  shown  that  an  over¬ 
driven  detonation  wave  becomes  steady  when 
the  interacting  waves  are  plane  and  steady.  A 
similar  result  was  obtained  with  an  axisym- 
metric  incident  detonation  wave  (3  -  4). 


Fig  3.  Pressure  increase  with  detonat'on  velocity  increase  with  respect  to  C.J.  values 
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TABLE  2 

C.J.  Detonation  Characteristics  of  N.M. 


D(m/s) 

P  (Kbar) 

T  (K) 

Experiment 

6290 

115 

3400 

B.K.W. 

6290 

124 

3136 

K.H.T. 

6264 

122 

3300 

The  experimental  data  give  a  quite  good  con¬ 
firmation  of  the  calculated  values. 

BRIGHTNESS  TEMPERATURE 
MEASUREMENTS 

The  brightness  temperature  of  the  detonation 
front  in  condensed  explosives  is  investigated 
since  about  a  decade.  All  the  studies  lead  to  the 
conclusion  that  the  detonation  front  radiates 
like  a  blackbody  in  the  visible  and  near  infra-red 
range  but  none  of  them  was  able  to  tell  whether 
the  brightness  temperature  is  representative  of 
the  thermodynamic  equilibrium  temperature. 

So  far,  all  the  experiments  were  performed  on 
C  J.  detonations  and  mainly  in  transparent  liquid 
explosives  such  as  N.M.  In  this  work  the  bright¬ 
ness  temperature  of  5  overdriven  detonation 


fronts  was  studied  using  a  three  color 
pyrometer  (7)  (A  =  0.657;  0.915;  1.008  p). 

The  pyrometer  was  calibrated  on  the  C.J. 
detonation  front  in  N.M.  considering  that  its 
brightness  temperature  is  3400  K  (8). 

The  data  obtained  on  each  wavelength  (Table 
3)  show  that  the  overdriven  detonation  fronts 
radiate  like  a  blackbody. 


TABLE  3 

Overdriven  Detonation  Brightness 
Temperature 


Overdriven 
detonation  velocity 
(m/s) 

T 

lA=0  657pm) 

(K) 

T 

1  |A=0  915jjml 

(K) 

T 

1  1  OOfyml 

(K) 

8000 

4450 

4500 

4476 

7870 

4337 

4375 

4342 

7730 

4177 

4197 

4179 

7-190 

4032 

4030 

4006 

7320 

3954 

3985 

3892 

As  for  pressure,  we  compare  (Fig.  4)  the  increase 
in  temperature  (brightness  and  calculated  ones) 
with  increase  in  detonation  velocity  with 
respect  to  the  corresponding  C.J.  values.  This 
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shows  that  the  increase  in  temperature  given 
by  the  two  equations  of  state  is  very  similar  and 
is  faster  than  the  increase  in  brightness  temper¬ 
ature.  For  instance  at  a  velocity  of  8000  m/s  the 
increase  in  equilibrium  temperature  is  about  700 
K  higher  than  that  of  brightness  temparature. 

DISCUSSION 

The  study  of  the  overdriven  detonation 
characteristics  was  aimed  to  get  data  that  could 
be  compared  with  calculations  based  on  equa¬ 
tions  of  state. 

We  measured  the  velocity,  pressure  and 
brightness  temperature  of  a  few  overdriven 
detonations  in  N.M. 

About  the  pressure  it  appears  that  experi¬ 
mental  data  are  in  good  agreement  with  the 
calculated  ones  based  on  B.K.W.  and  K.H.T. 
equations  of  state.  The  increase  of  pressure  with 
velocity  is  very  similar  for  Hie  three  sets  of  data 
and  the  discrepancy  between  these  values  is 
never  more  than  10  kbar. 

Pressure  is  not  very  depending  upon  the  equa¬ 
tion  of  state  and  because  of  the  uncertainty  on 
the  experimental  values  it  is  not  possible  to  em¬ 
phasize  one  equation  of  state. 

The  temperature  is  a  more  sensitive  param¬ 
eter  to  the  equation  of  stale  and  that's  why  a 
few  people  try  to  measure  that  detonation  char¬ 
acteristic  The  increase  in  temperature  with 
velocity  from  the  (’  J.  conditions  is  very  similar 
with  both  equations  of  state  used.  The  discrep- 
ancv  on  the  range  of  velocity  we  are  interested 
with  never  exceeds  1U()  K  On  the  contrary  there 
is  a  large  discrepancy  between  the  increases  of 
the  calculated  temperature  and  brightness 
temperature 

That  seems  to  indicate  that  brightness  tem¬ 
perature  is  not  straight  representative  of  the 
calculated  equilibrium  temperature  at  least  in 
the  case  of  overdriven  detonations 

In  conclusion,  the  experimental  study  of  over¬ 
driven  detonations  in  \  M.  has  shown  that  the 
pressure  is  well  predicted  either  with  B.K  W.  or 


K.H.T.  equations  of  state.  At  the  present  time 
brightness  temperature  measurements  do  not 
permit  to  check  the  equations  of  state. 
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CONTINUOUS  OBSERVATION  OF  MACH  BRIDGE 
AND  MACH  PHENOMENA 


J.  Souletis,  J.  Groux 

Societe  Nationale  des  Poudres  et  Explosifs 
Centre  de  Recherches  du  Bouchet 
91710  Vert-Le-Petit  -  France 


The  Mach  reflection  is  studied  in  two  distinct  cases:  first,  the  intersec¬ 
tion  of  two  oblic  plane  waves  and  secondly,  a  conical  wave  with  con¬ 
stant  velocity.  This  study  has  been  applied  to  various  plastic  bond¬ 
ed  explosives.  The  first  device  makes  it  possible  to  observe  the  for¬ 
mation  of  the  phenomenon  and  to  differentiate  among  the  various 
compositions  on  the  basis  of  their  reaction  zone  length.  The  second 
makes  it  possible  to  provide  an  accurate  characterization  of  the  state 
of  the  detonation  that  is  reached  in  the  center  of  the  Mach  wave  and 
to  compare  measurements  and  equations  of  state. 


INTRODUCTION 

The  Mach  reflection  of  detonation  waves  has 
been  examined  in  various  theoretical  and  exper¬ 
imental  studies  (1-6).  The  results  of  these  studies 
concern  only  a  very  small  number  of  explosives. 
We  have  therefore  developed  two  complementary 
types  of  Mach  detonation  wave  generators  in 
order  to  study  the  behav  iour  of  cast-cured  plastic 
bunded  explosives.  The  first  produces  the  inter¬ 
section  of  two  plane  waves  and  allows  continuous 
observation  of  the  propagation  of  Mach’s  phenom¬ 
enon.  The  second  sample  generates  a  driven  con¬ 
ical  wave  that  converges  on  the  axis  in  a  Mach 
disk.  Because  of  its  very  simple  shape,  it  makes 
it  possible  to  conduct  precise  measurements  of 
the  velocity  or  pressure  at  the  center  of  the  over¬ 
driven  detonation  wave.  Chapters  1  and  2,  re¬ 
spectively,  describe  each  of  the  generators  and 
the  results  obtained  with  certain  plastic  bonded 
explosives.  In  both  parts,  results  are  connected 
to  the  nature  of  the  tested  explosive. 

1  -  INTERSECTION  OF  PLANE  WAVES 

The  first  generator  allows  the  intersection  of 
two  steady  plane  detonation  waves  at  a  given 
angle  of  incidence  o.  The  explosive  sample  to  be 
tested  is  machined  in  such  a  wav  to  get  a  trun¬ 
cated  prism  with  a  pentagonal  cross-section  and 
an  angle  2  o  between  the  two  initiation  faces 
(Figure  1).  The  two  P.W.G.  produce  two  plane 
waves  with  a  maximum  distortion  oi  1  mm  on 


a  320  x  60  mm2  surface.  They  initiate  two  adap¬ 
tive  or  booster  sheets  that  are  designed  to  absorb 
the  transitory  regime  of  the  detonation.  They 
have  a  thickness  of  .5  to  1  cm  and  are  separated 
at  the  top  by  a  very  narrow  lead  confinement. 

The  prism  is  truncated  by  a  plane  that  makes 
an  angle  /3  =  14  °  with  the  edge  of  the  dihedron 
that  determines  an  angle  2  a.  This  inclined  plane 
represents  the  observation  surface  of  Lhe  wave. 


H  =  82  mm  ~  ft  —  14°  -  /  =  60  mm 


The  emergence  of  the  wave  is  observed  in  two 
different  ways:  either  in  a  continuous  way  or  at 
various  moments  during  its  propagation.  In  the 
first  case,  the  streak  camera  is  equipped  with 
a  diaphragm  with  three  parallel  slits,  the  mid¬ 
dle  slit  coinciding  with  the  plane  of  symmetry 
of  the  sample.  In  the  second  case,  several  optical 
fibres  sheets,  distributed  over  the  output  sur¬ 
face  of  the  explosive,  transmit  the  light  signal  up 
to  a  plane  observed  with  the  camera  (Figure  2). 


EXPLOSIVE 

SAMPLE 


Fig  2  Experimental  Device 

The  plastic  bonded  explosives  B  2169,  B  2174 
and  B  3003  were  tested.  Their  composition  is 
indicated  in  Table  5. 

Two  characteristic  color  recordings  are  rep¬ 
resented  in  Figure  3.  The  one  on  the  left  is  a  con- 
unuous  recording  performed  with  the  I’BX 
B2174  for  a  =  65“.  The  one  on  the  right 
represents  all  the  space-time  profiles  of  the 
detonation  at  different  depths  of  propagation 
for  the  same  composition  and  a  =  55° 

All  these  tests  have  established  that: 

-  The  Mach  front  has  the  shape  of  a  plateau 
but  always  has  a  slight  curvature  that  depends 
on  the  composition. 

-  The  critical  angle  for  the  appearance  of  the 
Mach  wave  (ocr)  is  a  function  of  the  composition 
but  lies  most  often  between  40  and  60  degrees 
(see  Table  1).  This  angle  was  measured  by 
generating  two  divergent  cylindrical  detonation 


waves  in  the  previously  described  sample  and  by 
applying  to  it  the  optical  fibre  observation 
technique  described  above  (Figure  2). 


TABLE  1 


MEASURED 

POLYTROPIC 

"cr 

^cr 

B  2169 

55°.65  (±1°.45) 

44.6 

B  2174 

43°  (±2°.50) 

45.4 

B  3003 

50°  * 

45.2 

*  extrapolated  value  (see  Fig.  5) 


In  the  second  column  of  Table  1  we  present 
the  values  of  otT  predicted  by  a  polytropic  equa¬ 
tion  of  state  and  a  triple  plane  waves  configura¬ 
tion.  There  is  an  important  difference  between 
the  calculated  and  measured  values  of  acr  but 
it  does  not  result  from  the  lack  of  accuracy  of 
the  eos  (the  seond  device  shows  (Fig.  1 1)  that-  the 
T -eos  gives  results  not  very  different  from  ex¬ 
perimental  points).  The  difference  should  result 
from  the  curvature  of  the  real  Mach  wave  in  the 
neighbourhood  of  the  triple  point,  which  depends 
on  the  nature  of  the  composition, 

-  After  an  initial  phase  of  very  rapid  increase, 
the  width  l  of  the  Mach  plateau  changes  in  linear 
fashion  during  propagation  (Figure  4)  as  far  as 
the  maximal  depth  of  the  sample,  i.e.,  8  cm. 


0  10  20  )0  40  60  60  ’0  80 


DISTANCE  (tacai 

Fig.  ‘l 


SOULETIS  -  GROUX  (P.136) 


1  'x  y 


)  u.  s 


o 


t  or.t  li.uous 


(7)  :  At  different  depths  of  propagation 


i  IGVRE  ) 


CHARACTER  I  SI  10  "H’oiCit 


•r  THE  PHENOMENON 


-  The  angle  X  determined  by  the  trajectory 
of  the  triple  point  and  the  plane  of  symmetry 
is  a  function  of  a  and  of  the  composition  as  is 
indicated  by  Figure  5. 

-  Finally,  the  velocity  DM  of  the  Mach  wave 
is  a  constant  close  to  R,  with  R  =  D  cos  X I  sin 
(a  —  X),  the  deviation  between  the  values  of  R 
and  Dm  measured  over  ten  tests  not  exceeding 
.10  mm/^s. 


i«r 

'T 


Fig.  5 


point.  However,  it  is  more  accurately  measured 
in  the  case  of  the  flow  generated  by  the  second 
device  and  is  examined  only  at  that  time. 

2  -  DRIVEN  CONICAL  WAVE 

The  second  generator  is  shown  in  Figure  6.  A 
cylinder  of  explosive  to  be  tested  is  surrounded 
with  a  concentric  tube  of  rapid  explosive,  at  the 
end  of  which  is  placed  a  capping  cone.  The  deto¬ 
nation  of  the  rapid  explosive  generates  a  con¬ 
ical  wave  in  the  slow  explosive,  that  converges 
on  the  axes  by  giving  rise  to  a  Mach  reflection. 

The  Mach  wave  is  observed  at  the  end  of  the 
sample  by  means  of  the  streak  camera.  The 
velocity  of  the  rapid  explosive  is  measured  dur¬ 
ing  each  firing.  In  addition,  the  sample  was 
equipped  during  the  tests  either  with  manganin 
pressure  gauges  or  with  an  axial  electric  probe, 
so  as  to  allow  continuous  measurement  of  the 
velocity  of  the  Mach  wave. 


Table  2  brings  together  two  of  the  preceding 
properties  and  the  reaction  zone  length  “a"  of 
the  tested  explosive.  This  reaction  length  is 
evaluated  in  this  initial  approach  by  the  Eyrmg 
iiic'.nod  (11).  X  max  is  the  value  of  the  max¬ 
imum  of  the  experimental  curve  X  -  f(o). 

TABLE  2 


COMPOSITION 

X  l 
''max'  1 

Qcr(°)  a  (mm) 

B  2169 

2.00 

i 

55.65  !  0.05 

B  2174 

7.25 

43.00  |  2  8 

B  3003 

4.00 

50.00  -  0.1 

_ _ _  1 

COMP.  B  i  4.75* 

_ 1 _ ; 

44.00*1  0.13* 

i 

*  drawn  from  (2)  (comp.  B  of  unspecified 
density) 

*  drawn  from  (3)  (q  =  1.73) 

*  drawn  from  (10)  (g  =  1.7) 

It  is  observed  that  olT  varies  inversely  as  the 
reaction  zone  length  whereas  ,Ymax  varies  in  the 
same  way  as  that  factor. 

The  curvature  of  the  Mach  wave  is  probably 
also  a  determining  parameter.  This  parameter 
can  give  us  information  as  to  how  to  lake  into 
account  flow  in  the  neighbourhood  of  the  triple 


0,  =  40  mm  —  0e  =  70  mm 

Fiff  6.  Sample  Equipped  With  Manganin 
Gauges 


Propagation  of  the  phenomenon 

The  flow  originated  by  this  device  is  different 
from  the  one  previously  studied.  The  diameter 
of  the  Mach  disk  increases  very  markedly  dur¬ 
ing  the  propagation  of  the  wave  up  to  a  sample 
length  of  2.5  to  3  0;  (depending  on  the  composi¬ 
tion)  and  becomes  quasi-stable  beyond  that 
length  (Figure  7).  Moreover,  the  stable  value  for 
the  diameter  0  of  the  Mach  disk  seems  to  de¬ 
pend  on  the  central  composition,  as  is  shown  in 
Figure  8,  where  the  values  J  C,  are  represent¬ 
ed  as  a  function  of  the  ratio  1  sin  0  for  7  distinct 
compositions.  The  values  d  measured  are  in 
each  case  equal  to: 


Arc  sin 


(  Dh|ci) 

Vd^TcTi) 


) 


i.e.  the  point  representing  the  state  CJ  of  the 
central  explosive  in  a  pressure-deviation  dia¬ 
gram  is  adapted  to  the  expansion  curve  of  the 
rapid  explosive  so  that  there  is  never  an  over¬ 
driven  detonation  of  the  incident  conical  wave. 


SAMPLE  length  (mm) 

Fig.  7 


Two  types  of  behaviour  appear  (Figure  8):  the 
upper  curve  connects  all  the  results  obtained 
with  HMX/AP/Pb(NO  j)2  compositions  whereas 
the  lower  curve  is  obtained  with  PETN  based 
compositions. 


3,  we  have  compared,  for  three  different  values 
of  0,  the  ratios  R 10  obtained  with  distinct 
explosives. 


TABLE  3 


0(°) 

EXPLOSIVE 

R  (mm) 

R  10 

=  66.50 

B  2174 

15.60 

0.769 

B  2169 

10.48 

0.953 

=  61.70 

B  2190 

12.08 

1.225 

B  2192 

17.08 

1.307 

=  46.40 

B  2191 

15.43 

0.986 

B  2161 

18.98 

1.321 

Fig.  9.  Detonation  wave  at  the  end  of  the  sam¬ 
ple  for  2  cast-cured  PBX 


Fig  8.  Ratio  0  as  a  Function  of  1/Sin  0,  for 
Values  0  Established  Beyond  4  0 

For  the  shape  of  the  Mach  disk,  a  curvature 
is  always  observed,  which  is  more  or  less  great 
depending  on  the  composition  (Figure  9). 

The  curvature  depends  on  the  angle  0  of  the 
incident  wave  but  also  changes  during  the  dis¬ 
placement  of  the  Mach  wave.  The  comparison 
of  the  Mach  disk  curvature  radii  of  two  distinct 
compositions  cannot  be  performed  unless  the 
diameter  of  the  disk  is  constant.  Thus,  in  Table 


Steadiness  of  the  regime 

The  observation  of  the  Mach  disk  at  various 
propagation  distances  has  shown  that  a  quasi¬ 
steady  regime  was  reached  at  the  end  of  the 
sample.  The  continuous  measurement  of  the 
velocity  of  propagation  (Figure  10)  shows  that 
it  is  constant  and  equal  to  D1{  beyond  a  zone 
of  high  acceleration  that  carresponds  to  the 
transitory  regime  previously  observed.  This 
measurement  was  performed  with  an  axial  elec¬ 
tric  probe  with  the  same  length  as  the  sample, 
with  a  diameter  of  .3  mm,  and  a  resistivity  of 
210  Q/m.  Figure  10  also  shows  a  recording  of 
pressure  by  a  manganin  piezoresistive  gauq.'. 
It  is  placed  in  a  plane  perpendicular  to  the 
cylinder,  on  the  axis  of  symmetry. 
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All  measurements  of  pressure  have  been  dupli¬ 
cated  with  an  indirect  measurement  by  means 
of  a  stack  of  PMMA  at  the  end  of  the  cylinder. 
There  is  a  good  agreement  between  the  two  types 
of  measurements  since  the  maximum  deviation 
observed  is  less  than  10%.  Two  tests  with  two 
distinct  gauges  placed  on  the  same  sample  have 
made  it  possible  to  check  the  stability  of  the 
pressure  beyond  the  transitory  zone  already 
observed.  Table  4  shows  this  result: 


TABLE  4 


•  i  i  *  >  M  ij.n 


b  -  8')  JO  m's  -  L>  8840  m/s 

probe  R 

Fig  10.  Characteristic  signals  delivered  by  a 
Manganin  Gauge  and  by  a  Continuous  Probe 


Fig.  11.  Measurements  of  Overdriven  Detonation 
States  in  B  2174  and  B  2169  Compositions 


Fig.  12.  Measurements  of  Detonation  Pressure 
and  Velocity  in  B  2190  Composition 

Equation  of  state 

The  detonation  regime  of  the  Mach  wave  be¬ 
ing  steady  at  the  end  of  the  sample,  it  is  inter¬ 
esting  to  characterize  the  overdriven  detonation 
state  attained  with  the  tested  composition. 

Figures  11  and  12  show  the  comparison  be¬ 
tween  the  measurement  points  and  the  curves 
obtained  from  the  BKW  and  poly  tropic  equa¬ 
tions  of  state. 

Up  to  about  5*Pcj,  a  good  agreement  is  noted 
between  the  measurements  and  the  curves 
given  by  the  BKW  equation  in  the  case  of  PBX 
B  2169  and  B  2190.  The  poly  tropic  equation 
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also  gives  an  estimate  of  the  pressure,  even  as 
far  as  about  ten  times  the  pressure  PCJ. 

On  the  other  hand,  there  is  disagreement 
between  the  experimental  points  and  the  theo¬ 
retical  curves  in  the  case  of  B  2174.  This  is  essen¬ 
tially  due  to  the  fact  that  the  BKW  equation 
is  established  on  the  assumption  of  a  complete 
reaction  of  the  ammonium  perchlorate  at  the 
level  of  the  front  of  the  detonation;  and  this 
assumption  certainly  does  not  holds  (13).  More¬ 
over,  as  this  explosive  releases  energy  very 
gradually  (9),  it  is  possible  that  pressure  is  not 
recorded  systematically  at  the  same  level  in  the 
decrease  of  the  signal  that  follows  the  shock 
wave,  the  amplitude  of  the  latter  depending  on. 

CONCLUSION 

The  Mach  wave  generators  we  have  defined 
make  it  possible  to  observe  the  formation  of  the 
Mach  wave  and  to  characterize  the  state  of  the 
overdriven  detonation  that  is  attained  in  it. 
They  have  provided  us  with  interesting  results 
lor  various  plastic  bonded  explosives. 

The  first  device  produces  the  intersection  of 
two  unsustained  plane  waves  and  thus  makes 
it  possible  to  attain  magnitudes  such  as  X  max. 
the  maximum  angle  of  increase  of  the  Mach 
plateau  or  acr,  the  critical  angle  for  the  appear¬ 
ance  of  the  phenomenon.  These  magnitudes 
change  in  the  same  direction  as  the  length  of 
the  reaction  zone  in  the  first  case  and  in  the 
reverse  direction  in  the  second  case.  Granulo¬ 
metry  (or.  again,  homogeneity)  probably  also 
has  an  effect  on  the  characteristics  of  the  Mach 
reflection.  This  initial  test  makes  it  possible  to 
differentiate  among  the  compositions  with 
regard  to  this  phenomenon  and  thus  also  must 
make  it  possible  to  obtain  details  on  energy 
transfers  within  the  reaction  zone. 

The  second  device,  by  creating  a  "sustained" 
Mach  wave  also  makes  it  possible  to  link  the 
curvature  of  the  Mach  disk  to  the  nature  of  the 
composition  and,  in  particular,  must  lead  to  a 
better  definition  of  flow  in  the  neighbourhood 
of  the  triple  point.  Finally,  and  above  all,  it 
makes  it  possible  to  acquire  precise  knowledge 
of  states  corresponding  to  the  dynamic  adiabat- 
ics  of  the  detonation  products  of  an  explosive. 
In  particular,  this  should  allow  a  more  accurate 
adjustment  of  the  state  equation  of  detonation 
products,  as  the  comparison  between  calculated 


and  measured  values  is  no  longer  limited  to  the 
Chapman-Jouguet  state. 


TABLE  5 

Composition  of  the  Various  Plastic  Bonded 
Explosives  Used  in  the  Course  of  this  Study 


COMPONENTS 

COMPOSITION 
(BY  WEIGHT) 

DENSITY 

(g/cm3) 

B  2161 

HMX'AP/Al/PU 

40/30/20/10 

1  860 

B  2169 

PETN  /  PU 

83/17 

1  550 

B  2174 

HMX.AP/PbU'.'OjI,,  ;PU 

47/30/11/12 

1  830 

B  2190 

PETN  1ITPB 

30/70 

I  071 

B  2191 

HMX  ■’ AP  /  PblN03l2  /  PU 

37/40/11/12 

1  832 

B  2192 

HMX  AP  i  PUN'OjIj  1  PU 

27/50*1 1 '12 

1  836 

HMX / NC - NGL 

PU  *=  polyurethane  binder 
A  P  =  ammonium  perchlorate 
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DISPLACEMENT  GRADIENT  METHOD  FOR  MEASURING 
DETONATION  PARAMETERS  USING  FLASH  X-RAY  PHOTOGRAPHY 
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Instead  oj  several  parallel  foils,  sit.gle  metallic  foil  is  embedded  in 
explosive  slantly  at  an  angle  to  the  plane  of  detonation  wave  front. 
A  sequence  of  flash  radiographs  records  the  displacement  of  the  foil 
at  discrete  times.  This  new  technique,  the  displacement  gradient 
method,  is  used  for  measuring  detonation  parameters  of  explosives. 
Detonation  characteristics  of  two  explosives  -  TNT  and  a  plastic 
bonded  RDX  composition  BH-1  are  measured  with  this  technique. 


INTRODUCTION 

Flash  radiography  today  provides  a  diagnos¬ 
tic  tool  to  make  quantitative  measurements  for 
inert  materials  under  high  dynamic  pressure 
and  for  explosives  during  the  detonation  pro¬ 
cess  (1).  Using  the  flash  x-ray  photography, 
Davis  and  Venable  (2)  trace  the  position  of  a 
rarefaction  wave  propagating  into  the  explosive 
products.  An  upper  limit  of  the  detonation  pres¬ 
sure  is  inferred  from  the  rarefaction  velocity.  In 
the  work  of  Rivard  el  al.  (3).  the  flow  behind  a 
plane  detonation  wave  front  is  examined  radio¬ 
graphically  by  observing  the  motion  of  thin  tan¬ 
talum  foils  embedded  in  cubes  of  explosives. 
From  data  of  the  instant  position  of  each  foil 
and  the  time,  together  with  the  detonation  front 
position,  it  is  sufficient  to  determine  the  density 
particle  velocity,  pressure  and  internal  energy 
throughout  the  flow  with  no  a  priori  assump¬ 
tion  of  an  equation  of  state.  The  shortcomings 
of  this  method  is  that  the  total  weight  of  multi- 
tile  parallel  foils  amounts  to  of  the  weight 
of  sample  explosive.  These  foils  will  cause 
disturbances  in  the  flow. 

Instead  of  multiple  parallel  foils,  we  use  a 
single  metallic  foil  embedded  in  explosives 
slantlv  at  an  angle  to  the  plane  of  detonation 
wave  front.  This  new  technique,  the  displace¬ 
ment  gradient  method,  is  described  for  measur¬ 
ing  detonation  parameters  of  explosives  using 
flash  xra\  photography. 


THEORY 

A  schematic  drawing  of  the  explosive  assembly 
is  shown  in  Fig.  1.  The  sensing  element  of  the 
displacement  gauge  is  a  thin  copper  foil  in  the 
shape  of  a  span  roof  embedded  in  the  explosive 
cube  symmetrically. 


Fig  l  Schematic  drawing  of  explosive 
assembly 

1 - Plane  wave  generator 

2-  Explosive  sam pie 

3-  Copper  foil 

'I -Detonation  product 

The  diagram  of  the  foil  deformation  is  shown 
in  Fig.  2.  The  original  position  of  a  segment  of 
the  embedded  metal  foil  is  CAB  which  is  at  an 
angle  60  with  respect  to  the  detonation  front. 
When  the  detonation  wave  front  arrives  AH,  the 
foil  segment  AB  traversed  by  the  detonation 
wave  deforms  to  AB  .  AB"  is  the  tangent  to  AB' 
curve  at  the  point  A  and  at  an  angle  0  to  the 
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detonation  front.  R-X  and  R-x  are  the  Lagrange 
coordinate  and  Euler  coordinate  respectively. 
The  relation  between  x  and  X  is: 

x  =  X  +  w  (1) 

where  w  is  the  particle  displacement.  The  R  axis 
is  fixed  on  the  initiation  plane  and  the  axis  Ox 
is  perpendicular  to  OR  and  passes  A. 


Fig  2  Diagram  of  the  deformation  of  foil  sens¬ 
ing  element 


From  th>-  conservation  of  mass  and  shock 
wave  relations: 


g„dX  =  gdx 


(21 


g(l)  -  u)  =  £0I) 


(3) 


p  =  e„I)u 


(4) 


Here  Q  -  density,  p  -  pressure,  u  -  particle 
velocity,  and  y  -  polytropic  constant  of  the  deto¬ 
nation  product.  D  is  the  detonation  velocity  and 
q0  the  density  of  the  unreacted  explosive. 

All  parameters  of  the  flow  are  functions  of  the 
displacement  gradient  dw/dX,  therefore  this 
technique  is  called  the  displacement  gradient 
method. 

If  we  read  directly  the  angle  0  from  the 
radiograph,  the  result  obtained  is  usually  not 
very  accurate.  A  more  reliable  method  is  fitting 
the  experimental  record  with  a  displacement 
function  of  the  sensing  element  in  a  1-D  flow  of 
detonation  products. 


and  with  Kq.  (1),  following  relationships  are 
derived. 


Q  ~  |  dw  V  1  _  ln$<> 

Qt>  V  <*X  tg0 

p  _u_._dw_.j_ 

e„i>  n  dx  tKe0 


OA  _  ‘■g- 

dw  t,,0-t..0 


(5) 


(6) 


(7) 


Fig  1  Flow  diagram  of  l  />  detonation  and  the 
H  v  diagram 

10)  ■  Unrela  ted  explosive 

(1)  -  Centered  rarefaction  wave  region 

(2)  ■  Simple  n  ave  region 

CO  -  Simple  wave  region  of  the  detonation  pro¬ 
duct  of  initiator 

As  shown  in  Fig  3.  the  position  of  the  detona¬ 
tion  wave  front  is  Xj  at  the  time  tf  and  Xp  at 
t.  The  particle  in  the  flow  moves  from  (X{,tf)  to 
M'(x,L)  in  the  x-t  plane  or  from  M(Xf,r)  to  M'(x,r) 
in  the  R-x  plane.  The  original  foil  segment  AMB 
is  compressed  and  deformed  by  the  detonation 
wave  to  a  curve  AM'B  at  time  t. 
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In  the  centered  rarefaction  region  (1),  the  flow 
line  is  expressed  as: 


x  = 


Dt  _ 

y— i 


2 

7TT 


(8) 


Substituting  D  =  Xf/tf  =  Xp/t  (9) 

into  Eq.  (8),  we  get 


or  Xf  =  XFfy^l-^-+  -UFI  (li) 
'  y  XF  yJ 


Since  r  =  (Xp  —  Xf)/tg  0o, 


following  expresssion  is  obtained: 


r 


x 


(12) 

(13) 


lx.r)  can  be  defined  directly  from  the  experimen¬ 
tal  record,  y  and  Xp  are  found  by  least  square  fit¬ 
ting  in  Eq.  (13)  a  set  of  data  (x,  ,  r,). 

On  the  question  of  lateral  movement  of  the 
slant  foil  in  the  detonation  flow,  a  2-D  numerical 
simulation  has  been  worked  out.  As  shown  in  Fig. 
•1,  the  central  portion  of  the  foil  segment  is  near¬ 
ly  parallel  to  the  theoretical  position  of  the  foil 
in  1-D  calculation.  This  means  that  the  lateral 
movement  of  the  foil  effected  by  the  flow  is 
negligible. 

The  deviations  of  Aa  and  Bb  from  a  straight 
line  parallel  to  22'  are  due  to  the  reflection  at  the 
1  a2  plane  and  the  circumfluence  around  b  respec¬ 
tively  introduced  in  the  numerical  calculation.  Ac¬ 
tually,  the  length  of  the  sensing  element  is  more 
than  fifty  times  of  the  length  of  the  segment 
taken  in  numerical  simulation.  These  effects,  if 
there  are  any.  would  be  insignificant. 

The  response  time  of  the  sensing  element  ob¬ 
tained  in  the  2-D  calculation  is  about  0.05  gs 


Fig.  4.  Result  of  a  2-D  calculation  on  the  move¬ 
ment  of  a  foil  segment  II’  -  Centerline  of  origi¬ 
nal  foil,  22'  —  Theoretical  position  at  time  t, 
aA Bb  —  2-D  calculated  position  at  t 


Fig.  5.  Photograph  of  components  of  the 
explosi  ve  assem  bly 


EXPERIMENTAL 

The  explosive  sample  is  an  assembly  of 
several  explosive  pieces  and  the  copper  foil  as 
shown  in  Fig  5,  The  output  of  the  050  mm  wave 
shaper  is  a  ca.  20  GPa  plane  wave.  Thickness 
of  the  copper  foil  is  0.02  mm.  The  foil  is  embed¬ 
ded  at  an  angle  of  ia±  2  degrees  to  the  detona¬ 
tion  front  One  to  three  layers  of  copper  foil  have 
been  used  in  experiments. 


The  radiographic  experimental  set-up  is 
shown  schematically  in  Fig.  6.  The  X-ray 
machine  produces  a  pulsed  beam  of  electrons  of 
300  KeV.  A  dimensional  small  source  of  X-rays 
of  vhe  order  of  5  mm  in  diameter  is  used  to  cast 
a  sharp  shadow  image  of  the  object  containing 
the  embedded  foil  upon  the  photographic  film. 
Radiation  pulse  of  0.03  gs  with  fluxes  as  low  as 
•18  mil  measured  at  380  mrn  from  the  source  is 
adequate  to  produce  good  contrasting  images 
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with  a  =  220  mm  and  b  =  1100  mm. 


Fig.  6.  Radiographic  experimental  setup 

For  two  explosives.  TNT  and  BH  —  1,  a  plastic 
bonded  11 DX  composition,  a  total  of  39  shots 
has  been  tested.  T\  pical  photographic  records 
ale  shown  in  Fig.  7.  Results  obtained  in  these 
experiments  are  listed  in  Table  1. 


CONCLl'SIONS 

•\  new  technique  foi  measuring  the  detonation 
parameters  of  solid  explosne  by  flash  X-ray 
photography  :s  introduced.  The  displacement  of 
the  copper  foil  embedded  m  the  explosne  slantly 


to  the  detonation  wave  front  is  recorded  contin¬ 
uously.  In  comparison  with  the  method  sug¬ 
gested  by  Rivard  et  al.  (3),  the  displacement 
gradient  method  has  the  advantage  of  less 
disturbance  due  to  the  embedded  foils  and  more 
information  obtainable. 

Expressions  for  calculating  the  detonation 
pressure,  particle  velocity  and  specific  volume  at 
the  detonation  wave  front  are  derived  from  the 
equation  of  continuity  and  shock  wave  relations. 
The  model  of  detonation  is  not  concerned  in  the 
derivation. 

If  the  flow  behind  the  detonation  is  approx¬ 
imately  a  centered  rarefaction  wave,  the  detona¬ 
tion  parameters  can  be  obtained  directly  by  fit¬ 
ting  Eq.  (13)  with  the  experimental  data. 

There  is  no  obvious  lateral  movement  of  the 
slantly  placed  metal  foil  in  the  flow  of  detona¬ 
tion  products.  It  is  proved  by  a  2-D  calculation 
that  the  lateral  displacement  is  insignificant  in 
the  life  time  of  the  sensing  element. 

The  results  published  in  this  paper  show  that 
the  relative  eiror  of  the  experiment  is  about  5 <7. 


v  . 


This  is  not  the  fault  of  the  method  itself.  With 
a  better  radiographic  equipment  and  a  refined 
technique  of  the  reading  of  the  experimental 
record,  a  better  precision  could  be  obtained. 
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TABLE  1 

Detonation  Parameters  Measured  by  Displacement  Gradient  Method 


Explosive 

Density 

gm/cm3 

Shots 

C-J  Detonation  Parameters 

Pressure 

GPa 

Particle  Velocity 
mm/ps 

Gamma 

2.112±0.039 

18.3+1.0 

1.702±0.093 

2.99±0.22 

RSI 

2.236±0.030 

28.7±3.2 

2.076±0.084 

2.97±0.16 
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A  particle  velocity  gauge  system  incorporating  a  number  of  novel 
ideas  has  been  designed  and  made  and  results  obtained  for  the  UK 
booster  explosives,  Tetryl  and  Debrix  2.  Further  a  glass  mousetrap 
has  bee i  successfully  developed  and  its  performance  measured.  On 
the  basis  of  the  work  done,  more  refined  experiments  are  planned, 
in  particular  the  use  of  perspex  mousetraps  for  studying  shock  to 
detonation  transitions. 


1.  INTRODUCTION 

An  important  technique  in  detonation  studies 
is  the  electromagnetic  particle  velocity  gauge. 
A  number  of  ways  of  instrumenting  such  a 
gauge  have  been  reported  in  the  literature  (ref 
1. 2.  2).  Their  full  adoption  at  RARDE  has  been 
prevented  by  local  experimental  constraints.  To 
overcome  these  difficulties,  novel  features  have 
been  introduced  into  the  present  design. 

There  is  considerable  interest  in  the  UK  in 
such  subjects  as  the  behaviour  of  improvised 
explosives  and  in  finding  new  boosters  to 
replace  Tetryl.  Present  knowledge  is  based  on 
many  years  of  practical  experience.  In  order  to 
limit  the  extent  of  empirical  testing,  more  quan¬ 
titative  descriptions  of,  for  example,  shock  ini¬ 
tiation  characteristics  are  required.  The  particle 
velocity  gauge  is  one  tool  for  the  production  of 
such  descriptions. 

In  this  paper  the  gauge  system  which  has 
been  developed  will  be  described  and  prelimi¬ 
nary  results  obtained  with  Tetryl  and  Debrix 
2  (nominally  RDX  95%,  Wax  5%),  a  replace¬ 
ment  for  Tetryl,  will  be  presented.  The  design 
of  a  glass  mousetrap  device  for  the  generation 
of  planar  shock  waves  will  also  be  discussed. 

To  simplify  the  discussion,  the  experimental 


set-up  will  be  shown  immediately  and  then  each 
part  examined  more  closely. 

2.  EXPERIMENTAL 
The  gauge  assembly  is  shown  in  Figure  1  and 
diagrammatically  in  Figure  2. 

2.1  Principle  of  operation 

As  shown  in  the  figures,  a  loop  of  foil  is  em¬ 
bedded  in  the  explosive.  The  base  of  the  loop 
of  length,  1,  is  the  sensing  element.  When  this 
strip  is  reached  by  the  detonation  front,  it  is 
moved  forward  at  the  surrounding  particle  vel¬ 
ocity,  “cutting”  the  magnetic  flux,  so  having 
a  voltage  induced  between  its  ends.  If  the  mag¬ 
netic  field,  motion  and  scrip  direction  are 
mutually  orthogonal,  the  induced  voltage  is 
given  by 

E  =  B  1  w  (1) 

where  E  is  the  potential,  B  the  flux  density,  1 
the  strip  length  and  w  the  strip  velocity  or  par¬ 
ticle  velocity.  Hence  the  voltage  is  directly  pro¬ 
portional  to  the  forward  velocity  and  the  elec¬ 
tromagnetic  particle  velocity  gauge  is,  there¬ 
fore,  an  absolute  measuring  transducer. 

2.2  Minimum  signal  and  field  requirements 
An  initial  estimate  of  expected  noise  levels  in 
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Fig.  1  Particle  velocity  gauge  experiment  -  full 
view  and  with  top  section  removed 

the  oulpul  signal  led  to  a  definition  of  a 
minimum  peak  signal  of  lOOmV.  The  probe 
length  was  6mrn  and  a  typical  particle  velocity 
is  1000m  s  Substitution  in  (1)  gives  a  value 
of  B  of  20  mT  Imillitesla). 

2.3  Design  of  explosive  charge 

When  the  leads  are  brought  out  of  the  back 
of  the  explosive  charge,  they  are  not  subject  to 
significant  transverse  flow  during  the  period  of 
experimental  interest,  so  that  only  the  element 


t*v  1 1  be,  m*  -  -  *-j 


Fig.  2.  Schematic  side-view  of  particle  velocity 
gauge  experiment 

of  length  1  produces  a  signal.  The  method  devised 
was  to  use  small  "bricks"  of  explosive,  from 
which  the  final  charge  was  assembled.  They  are 
double-end  pressed  in  a  specially  designed  mould 
and  are  of  a  uniform  density,  dimensionally  ac¬ 
curate  and  with  a  good  surface  finish.  Both  Tetryl 
and  Debrix  2  pressed  very  well  without  chipping 
at  the  comers.  The  bricks  are  of  two  sizes. 
18  X  18  X  6mm  and  18  X  18  X  18mm  and  are 
assembled  as  shown  in  the  earlier  figures. 

For  experimental  convenience  and  because 
the  quantities  of  booster  materials  available  for 
evaluation  may  be  limited,  it  is  necessary  to 
minimise  the  explosive  charge  weight.  At  the 
same  time  the  charge  size  must  be  sufficient  to 
allow  proper  measurements  to  be  made.  Two 
aspects  need  to  be  considered. 

Firstly,  there  is  the  time  for  the  release  waves 
to  travel  inwards  from  the  sides  of  the  charge. 
They  will  travel  at  approximately  3-lmm  ps  1 
for  the  explosives  being  considered.  The 
shortest  distance  from  a  side  to  the  gauge  is 
13mm  and  hence  there  is  a  valid  measuring  time 
of  about  3ps. 

Secondly,  there  is  curvature  of  the  detonation 
front.  This  is  affected  by  two  factors,  namely 
the  critical  diameter  of  the  explosive  and  the 
geometric  resc’ution.  The  critical  ’iameters  of 
Tetryl.  Debrix  and  SX2  are  small  in  relation 


to  the  charge  width  of  36mm,  and  so  do  not  con¬ 
tribute  significantly  to  the  curvature  of  the 
detonation  front  in  the  central  measuring 
region.  A  point-initiated  explosive  charge  pro¬ 
duces  an  expanding  spherical  detonation  front. 
The  geometric  resolution  is  the  time  taken  for 
the  curved  front  to  sweep  across  the  active 
region  of  the  embedded  gauge.  By  simple  geo¬ 
metry  it  can  be  shown  that  if  the  centre  of  the 
curved  detonation  front  strikes  the  gauge  mid¬ 
way  between  the  lead  wires 

_  h_j _  (for  r>h)  (2) 

8  Dr 

where  t  is  the  time,  h  the  probe  length  or  width, 
D  the  detonation  velocity  and  r  the  radius  of  cur¬ 
vature.  It  will  be  seen  from  Figures  1  and  2  that 
there  are  two  radii  of  curvature,  one  vertical  and 
one  horizontal.  The  former  is  formed  by  the  large 
■‘block”  of  SX2  of  iength  100mm,  and  the  latter 
by  the  “lead-in"  of  SX2,  which  adds  a  further 
300mm.  The  prolie  was  6mm  long  and  5mm  wide. 
The  effect  due  to  the  vertical  radius  is  clearly 
dominant.  Using  equation  (2)  for  SX2, 
I)  =  8.2mm  ps  ',  r  =  100mm,  h  =5mm,  gives  a 
value  of  t  of  approximately  4ns.  This  is  less  than 
the  sampling  interval  of  the  transient  recorder 
and  may  be  ignored.  The  main  purpose  of  the  long 
lead-in  of  SX2  is  to  remove  the  detonator,  a 
source  of  electrical  noise  from  the  measurement 
area.  The  flatness  of  the  detonation  front  has 
been  confirmed  bv  the  flash  x-ray  and  is  referred 
to  in  section  2.6. 

The  dimensions  are  evidently  generous  for 
materials  such  as  Tetrvl  and  Debrix,  but  im¬ 
provised  explosives,  for  example,  have  much 
larger  critical  radii.  There  is  a  clear  requirement 
to  replace  the  large  block  of  SX2  with  a  plane- 
wave  generator.  Conical  explosive  plane-wave 
generators  were  not  conveniently  available  at 
RARDK  and  instead  a  glass  "mousetrap"  plane- 
wave  generator  was  developed  which  is  described 
later. 

2. 1  The  probe 

The  probe  is  inserted  between  the  bricks  of 
explosive  as  shown  in  Figs  1  and  2.  It  is  made 
of  annealed  copper  foil,  50wm  thick  and  5mm 
wide  Annealing  of  the  copper  made  it  easier  to 
shape  during  assembly.  The  active  probe  length 
is  the  width  of  a  brick,  namely  6mm.  The  whole 
structure  is  bonded  together  witn  a  very  small 


quantity  of  Durofix  adhesive.  While  the  adhe¬ 
sive  is  setting,  the  assembly  is  positioned  in  a 
“V-block"  for  support. 

Some  authors  have  used  aluminum  instead  of 
copper  as  the  gauge  material.  In  the  choice  of 
gauge  material  there  are  two  main  factors  to 
consider,  the  need  for  electrical  insulation  and 
the  thermal  life  of  the  gauge.  The  implications 
of  these  factors  are  discussed  below. 

The  detonation  front  and  to  a  lesser  extent 
the  detonation  products  are  somewhat  conduc¬ 
tive,  and  there  is  a  danger  that  this  shunt  resis¬ 
tance  in  conjunction  with  the  series  inductance 
may  attenuate  the  output  signal.  In  the  experi¬ 
ments  done,  this  shunt  resistance  was  found  to 
be  sufficiently  large  not  to  cause  problems,  as 
additional  insulating  cf  the  gauge  leads  with 
50pm  thick  PTFE  film  made  no  difference  to  the 
recorded  signal.  If  electrical  insulation  is  re¬ 
quired,  an  advantage  of  aluminum  is  that  it  may 
be  anodised,  a  process  which  forms  a  mechani¬ 
cally  tough,  electrically  insulating  oxide  film. 

The  thermal  life  of  a  gauge  may  be  approxi¬ 
mately  estimated  by  calculating  the  time  re¬ 
quired  for  the  middle  of  the  gauge  to  melt.  For 
a  solid  with  two  parallel  bounding  planes,  that 
is,  a  slab,  ii  the  two  faces  are  suddenly  raised 
to  a  temperature  do  and  maintained  there,  the 
temperature  rise  from  zero.  0,  in  the  middle  of 
the  slab  is  given  by  (ref  4). 


0  =  0o  { 1  —  -4- 
1  n 


4 

3  n 


exp  ( —  Jli™!!' )  + 
\‘ 

exp  ( -  1 1  _ 


(3) 


where  h'  is  the  diffusivity ,  t  the  time  and  1  the 
thickness  of  the  slab. 

The  diffusivities  of  the  copper  and  aluminum 
and  their  melting  points  are  1.133,  0.826 
emV  and  1083,  660  °C  respectively.  Using 
equation  (3)  and  assuming  an  external  tempera¬ 
ture  of  3000  CC,  the  middle  layer  of  both  mate¬ 
rials  will  meit  after  about  1.5ps.  Although  alu¬ 
minum  has  a  lower  melting  point,  it  has  a 
smaller  diffusivity  which  slows  the  rate  of  tem¬ 
perature  rise.  The  gauges  may  be  expected  to 
fail  after  melting.  This  may  partly  explain  why 
the  particle  velocity  records  given  in  Figures  5 


449 


and  6  show  erratic  deviations  after  2ps  and  lgs 
duration  respectively. 

An  important  point  concerning  equation  (3) 
is  that  for  a  given  temperature  rise  in  the  cen¬ 
tre,  the  time  will  vary  as  the  square  of  the 
thickness. 

The  diffusivities  of  PTFE  and  alumina  are  at 
least  an  order  of  magnitude  less  than  those  of 
copper  and  aluminum.  Hence,  even  a  thin  layer 
of  either  material  would  extend  the  thermal  life 
of  a  gauge.  Of  the  two,  alumina  will  be  superior 
as  it  melts  at  2050  °C,  as  opposed  to  approxi¬ 
mately  400  °C  at  which  PTFE  decomposes. 

A  small  practical  advantage  of  copper  over 
aluminum  is  that  the  electrical  connections  may 
be  joined  by  soldering,  a  much  more  reliable  and 
simpler  procedure  than  the  mechanical  joints  re¬ 
quired  with  aluminum. 

Finally,  the  thickness  of  a  gauge  affects  the 
hydrodynamic  rise-time,  that  is,  the  time  for  the 
shock  wave  to  reverberate  in  the  gauge  until  the 
gauge  reaches  the  pressure  and  particle  velocity 
of  the  explosive.  From  ref  3,  for  a  50pm  thick 
copper  gauge,  the  rise-time  is  estimated  to  be 
approximately  20ns. 

2.5  The  magnetic  field 

A  uniform  magnetic  field  is  desirable  if  the 
results  are  to  be  easily  interpretable.  A  suitable 
field  might  be  provided  by  an  iron-cored  electro¬ 
magnet  or  by  Helmholtz  coils.  The  gap,  due  to 
the  presence  of  the  explosive  charge,  will  con¬ 
tribute  greatly  to  the  total  magnetic  reluctance 
of  the  circuit.  This  factor,  and  the  problem  of 
protection,  particularly  when  dealing  with  mili¬ 
tary  explosives,  favoured  expendable  Helmholtz 
coils. 

For  a  pair  of  coils  the  condition  for  the  highest 
field  uniformity  in  the  central  region  is  that 
their  separation  should  equal  their  radius.  This 
configuration,  first  proposed  by  Helmholtz, 
clearly  raises  a  practical  problem.  The  products 
from  a  detonating  explosive  column  move  side¬ 
ways  at  a  velocity  similar  to  the  detonation 
velocity,  at  least  initially.  The  outermost  part 
of  the  coil  will  always  be  damaged  before  the 
measurement  can  be  made,  unless  some  further 
steps  are  taken. 

The  proposed  solution  was  to  use  a  coil  sepa¬ 
ration  of  twice  the  coil  radius,  and  to  use  two 
glass  plates  to  further  delay  the  arrival  of  the 


shock  wave  at  the  coils.  By  minimising  the  need¬ 
ed  increased  separation  of  the  coils,  the  flux- 
density  in  the  measurement  region  is  not  re¬ 
duced  excessively,  nor  is  its  uniformity  unduly 
compromised. 

To  simplify  the  experiment  a  continuous  DC 
supply  from  lead-acid  accumulators  was  chosen 
to  drive  the  coils,  rather  than  a  pulsed  system. 
The  latter  while  allowing  coils  with  fewer  turns 
of  small  gauge  wire,  and  so  less  costly,  poses 
real  problems  of  synchronization. 

On  this  oasis,  a  pair  of  coils  was  designed  with 
a  mean  diameter  of  200mm,  each  of  225  turns 
of  18  SWG  enamelled  copper  wire,  and  which 
with  a  separation  of  200mm  and  carrying  20A, 
produced  a  flux-density  a'  he  centre-point  of 
20mT.  In  constructing  the  coils,  for  greatest 
economy  in  wire,  the  current  density  must  be 
as  high  as  possible.  The  current  density  is 
limited  either  by  the  required  voltage  exceed¬ 
ing  that  available  from  the  power  supply  or  by 
the  temperature  rise  occurring  in  the  coils  in  the 
duration  of  an  experiment. 

The  flux-density  uniformity  over  the  working 
volume  (rather  than  a  point)  was  then  checked  by 
calculation  and  measurement.  The  two-dimen¬ 
sional  flux-density  in  the  direction  of  the  z-axis 
(Bz)  for  a  circular  loop  at  unit  current  is  given  by 
ref  5: 


B,  = 


f  (L  +  a)2  + 
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where  K(k)  and  E(k)  are  elliptic  integrals  of  the 
first  and  second  kinds  respectively.  Modulus  k  is 
the  dimensionless  ratio. 
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where  L  and  Z  are  the  cylindrical  coordinates,  a 
the  radius  of  the  current  loop,  go  the  permeabil¬ 
ity  of  free  space.  Equations  (4)  and  (5)  cannot  be 
simplified  except  trivially  and  the  only  approach 
is  to  plot  a  matrix  of  values  with  a  desktop  com¬ 
puter.  The  results  were  in  agreement  with  mea¬ 
surements  made  on  a  pair  of  coils  with  a  Hail  ef¬ 
fect  detector  (RFL  Teslameter  904T).  The  flux 
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density  in  the  central  measurement  region  varies 
very  slightly  with  position.  Errors  in  the  flux  den¬ 
sity  due  to  inaccurate  positioning  of  the  coils  and 
probe,  and  the  smaller  effect  due  to  the  actual 
movement  of  the  probe  during  an  experiment, 
were  estimated  to  be  no  greater  than  ±2%. 

2.6  The  role  of  the  glass  plates 

The  products  from  a  detonating  explosive  col¬ 
umn  move  sideways  at  a  velocity  similar  to  the 
detonation  velocity,  or  at  least  initially.  As  may 
be  appreciated  from  the  geometry,  increasing  the 
separation  of  the  coils  to  one  diameter,  as  opposed 
to  one  radius  will  not  completely  overcome  the 
difficulty  of  damage  to  the  coils  when  measure¬ 
ments  are  being  made  in  the  central  region  be¬ 
tween  them.  The  explosive  charge  after  all  has 
a  finite  width,  and  additionally  the  coils  will  en¬ 
croach  slightly  as  their  spacing  is  measured  as 
a  mean  separation.  Rather  than  trying  to  sepa¬ 
rate  the  coils  even  further,  a  more  efficient  solu¬ 
tion  was  to  insert  two  glass  plates  between  the 
explosive  and  the  coils  so  that  the  mass  of  glass 
delayed  the  expansion  of  the  detonation  products. 
For  this  role  an  electrical  non-conductor  is  essen¬ 
tial— a  moving  conductor  would  contain  induced 
currents  whose  magnetic  fields  would  both  reduce 
and  distort  the  field  produced  by  the  coils. 

To  calculate  the  required  thickness  of  glass  use 
was  made  of  ref  6. 

For  a  laver  of  explosive  in  contact  with  a  plate, 
if 

Q_  mass  unit  length  of  HE  (6) 

mass  unit  length  of  plate 

the  normal  component  of  the  terminal  plate 
velocity  Vn  is  given  by 

Vn  =  -4.46  a  (7) 

(a  +  2  ) 

For  tetryl  (density  1.6Mg  m“J  and  thickness 
36mm)  and  glass  (density  2.5Mg  m  J  and  thick¬ 
ness  18mm)  Vn  is  found  to  be  1  75mm  us  3.  The 
available  air-gap  between  the  tetryl  and  glass 
plate,  and  glass  plate  and  coil,  is  48mm.  Hence, 
approximately  27^s  will  elapse  before  the  coil  is 
struck  by  the  glass  plate.  If  the  glass  were  not 
present,  the  detonation  products  would  strike  the 
coils  in  about  8ps. 

To  appreciate  the  role  of  the  glass  plate,  the 


Fig.  3.  Flash  radiography  taken  through  side  of 
assembly,  showing  relative  movement  of  detona¬ 
tion  front  and  glass  plates.  The  inner  faces  of  the 
coils  are  represented  by  brass  discs. 

time  taken  for  the  detonation  front  to  travel  from 
the  position  corresponding  to  the  radius  of  the 
coils  to  the  centre  of  the  measurement  region, 
some  100mm,  is  approximately  13ps,  assuming 
a  detonation  velocity  of  7.3mm  ps~'  for  Tetryl. 
In  fact,  the  design  allows  the  detonation  front  to 
reach  the  other  side  of  the  assembly  before  the 
coils  are  subject  to  damage— a  generous  margin 
against  error. 

For  a  given  separation  between  explosive  col¬ 
umn  and  coils,  it  is  possible  to  optimise  the  thick¬ 
ness  of  glass  used,  and  also  perhaps  to  use  a  lower 
density  material.  An  important  feature  is  that  the 
glass  is  separated  from  the  Tetryl  column.  This 
reduces  the  possibility  of  any  scabbing  of  the 
glass  plate,  and  also  means  that  the  tangential 
terminal  plate  velocity  is  less  than  that  given  by 
equation  (7),  giving  a  further  margin  of  safety. 

To  test  the  design,  an  approximate  half-scale 
assembly  was  built,  but  the  coils  were  replaced 
by  two  brass  discs  and  SX2  was  used  for  the 
whole  explosive  column.  A  flash  radiograph  was 
taken  (Fig.  3)  after  the  detonation  front  had 
traversed  most  of  the  explosive  column.  To  pro¬ 
vide  an  accurate  start  time  an  exploding  bridge- 
wire  detonator  was  used  and  the  long  tail  of  SX2 
omitted.  The  result  confirms  the  earlier  approach 
and  additionally  provides  a  check  on  the  planar¬ 
ity  of  the  detonation  front. 

2.7  Method  of  recording  signal 

This  is  summarised  in  Figure  4.  The  use  of  a 
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Fig.  4.  Schematic  of  power  supplies,  and  method  of  recording  signals 


Velocity 
(mm  fis”') 


Velocity 
(mm  (is-') 
30i 


-o  5 1 — 
0  5 


I  0 


'  5  CO 

I  line  ( )is ) 


IS  2  0 

Time  (ys ) 


Fig  5  Particle  velocity  gauge  record  for  Tetrvl  Fig  6  Particle  velocity  gauge  record  for  Debrix  2 


self-triggering  transient  digitiser  neatly  avoids 
the  problem  of  synchronisation  and  the  related 
need  to  use,  for  accurate  timing,  fast-acting 
exploding  bridgeware  detonators.  These  deto¬ 
nators  are  driven  by  high  voltage  pulses  with  sub¬ 
micro-second  rise-times  and  so  produce  con¬ 
siderable  electrical  interference  even  with  careful 
screening  Instead,  a  low  voltage,  slow-acting 
fusehead  type  detonator  is  used.  Additionally,  the 
detonator  is  separated  by  the  lead-in  of  SX2. 

From  the  literature,  the  anticipated  fastest  rise- 


times  which  would  be  met  are  approximately 
25ns.  The  instrument  has  a  minimum  sampling 
interval  of  5ns  at  6  bit  resolution,  which  is  ade¬ 
quate  for  such  signals.  However,  allowance 
must  be  made  for  the  inherent  hydrodynamic 
rise  time  of  the  gauge.  Two  independent  chan¬ 
nels  are  available. 

The  oscilloscope  provides  an  immediat  *  visual 
presentation  of  the  status  and  output  of  the 
transient  recorder.  To  facilitate  the  setting  of 


trigger  levels,  etc.,  a  hand-held,  single-shot  pulse 
generator  was  built,  with  an  output  similar  to 
that  expected  from  a  gauge.  The  firing-cell  and 
instrument  room  are  linked  by  a  30m  high- 
quality  coaxial  cable.  To  match  the  impedance 
of  the  cable,  a  75Q  resistor  is  put  in  series  with 
the  probe. 

3  RESULTS 

Using  equation  (1)  the  particle  velocity 
records  can  be  derived  from  the  voltage-time 
output.  Results  for  Tetryl  and  Debrix  2  are 
shown  in  Figs  5  and  6  respectively.  The  C-J 
(Chapman-Jouguet)  particle  velocity  is  usually 
taken  as  the  value  at  the  beginning  of  the 
Taylor  expansion  as  obtained  by  graphical  ex¬ 
trapolation.  From  the  record  for  tetryl  and  ig¬ 
noring  the  slight  "ringing"  a  value  of  1.85mm 
ps 1  is  obtained. 

The  recorded  voltages  are  accurate  to  ±  2%. 
The  flux-density  depends  on  the  current  in  the 
coils  and  the  uniformity  of  the  field  in  which  the 
gauge  operates.  The  former  is  about  ±  1  %  and 
the  latter  will  be  no  greater  than  ±  2%.  The 
width  of  the  pellet  determines  the  gauge  length 
and  is  better  than  ±  1 .  From  equation  (1) 

_  &V.  _  _  (^1 

w  E  B  1 

Hence  it  can  be  estimated  that  the  total  error 
in  the  particle  velocity  is  no  greater  than  ±  . 

From  the  particle  velocity  the  detonation  pres¬ 
sure.  I’cj,  can  be  calculated  using  the  relation 

P  =  pew  (8) 

where  q  is  the  density,  c  the  shock  velocity  and 
w  the  particle  velocity  For  the  Tetryl  bricks. 
Q  -  1.57Mg,  m'  ■*,  and  using  ref  7,  c  =  7.35mm 
us  This  gives  a  detonation  pressure,  using 
equation  (8)  of  2 1.3(5 Pa,  which  is  in  good  agree¬ 
ment  with  the  value  (ref  7)  of  22.<i-l(iPa  for  a 
density  of  1.61-lMg.  ml 

The  Debrix  2  was  pressed  to  a  density  of 
1.65Mg.  m The  particle  velocity  as  determined 
by  extrapolating  back  the  Taylor  release  wave 
is  1.8mm  ps  *.  From  ref  7,  the  particle  velocity 
in  detonating  RDX  is  2.21mm  ps  1  at  a  densi¬ 
ty  of  1.77Mg  m  ’,  suggesting  the  value  obtain¬ 
ed  in  this  work  is  a  little  low  The  discrepancy 


may  lie  in  the  way  the  CJ  point  is  determined 
and  further  firings  are  planned  to  investigate 
this  aspect  of  the  problem. 

4  GLASS  “MOUSETRAP” 

4.1  Introduction 

As  mentioned  earlier,  conical  explosive  plane- 
wave  generators  were  not  conveniently  avail¬ 
able  at  RARDE  and  instead  a  glass  mousetrap 
plane-wave  generator  was  developed.  Such  a 
device  has  the  additional  advantage  that  by 
altering  the  ratio  of  explosive  mass  per  unit 
length  to  driver  plate  mass  per  unit  length, 
shock  pulses  of  adjustable  amplitude  and  dura¬ 
tion  are  produced,  without  needing  to  use  at¬ 
tenuators.  Glass  was  chosen  because 

a)  It  is  a  non-conductor. 

b)  It  will  predictably  deform  at  high 
pressures,  as  is  evidenced  by  its  ability  to  jet 
when  used  as  a  conical  shaped-charge  liner 
material. 

cl  Experience  of  its  behaviour  has  been  ob¬ 
tained  and  is  described  in  section  2.6. 

1.2  Design  of  mousetrap 

It  will  be  remembered  that  from  equations  (6) 
and  (7),  the  tangential  plate  velocity,  Vn,  can  be 
obtained.  From  simple  geometry,  it  can  be 
shown  that  for  /.ero  angle  of  tilt  of  the  shock 
front  in  the  receptor  explosive,  the  included 
angle,  9,  of  the  mousetrap  is  given  by 

6  =  tan  1  (  Vn  )  (9) 

vl> 

where  Vj,  is  the  detonation  velocity  in  the 
driver  plate  explosive. 

A  prototype  mousetrap  was  built  using  float 
glass  (thickness  1.98mm,  Q  2.47  Mg.m  ;i)  and 
SX2  (thickness  6.3mm,  Q  1.6  Mg.m"3,  Vp 
8.2mm  ps  ').  Using  equations  (6),  (7)  and  (9),  a, 
V„  and  9  were  found  to  be  2.08,  2.27mm  ps"  1 
and  15.5°  respectively.  A  side-on  view  is  shown 
in  Fig  7.  The  angle  was  set  by  the  triangular 
end-pieces,  and  was  accurate  to  ±  0. 1 

A  little  care  is  needed  in  the  tolerancing  of  9. 
It  can  be  shown  that  the  angle  of  tilt,  y,  is  given 
by 

tan  y  —  yK  [cws  0  ~  (yD)  sb<  GO) 
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small  values  of  y, 


Fig.  7  Side-on  view  of  glass  mousetrap  with  a 
layer  of  SX2  as  the  receptor  explosive. 


where  VI(  is  the  shock  velocity  in  the  receptor 
explosive.  For  zero  angle  of  tilt  equation  (10) 
reduces  to  (9).  Differentiating  (10)  with  respect 
to  0,  and  considering  small  values  of  y, 

'  !<  [sin  0  +  cos  0] 

69  v„  L  w,/  J 

In  the  present  experiment  the  receptor  ex¬ 
plosive  is  SX2.  V|{  is  approximately  equal  to 
V|,  and  substituting  the  values  already  given, 
yields 

dy  =  -  4.08  66  (11) 

Hence,  errors  in  0  are  multiplied  by  a  factor  of 
•1  to  give  the  error  m  y.  largely  because  Vn  is 
less  than  Vj,. 

From  the  angle  of  tilt,  the  geometric  resolu¬ 
tion  t.  may  be  calculated.  The  geometric  resolu¬ 
tion  is  the  time  taken  for  the  shock  front  to 
sweep  across  the  active  region  of  the  embedded 
gauge,  and  is  given  by 

t  =  I1  tan  y  (12) 

VK 

where  h  is  the  probe  height  m  this  case.  Dif¬ 
ferentiating  with  respect  to  y.  and  considering 


dt  =  -A.  dy  (13) 

Vr  ' 

Hence,  for  69  =  ±  0.1  °,  from  (11),  dy  =  ±  0.4°. 
For  h  =  5mm,  and  VR  =  8.2mm  ps\  using 
(13),  dt  is  approximately  ±  5ns,  which  is  the 
sample  interval  of  the  transient  digitiser. 

For  clarity  of  explanation,  and  also  because 
it  can  be  easily  measured  the  angle  of  tilt,  y,  is 
used  in  the  derivations.  However,  it  does  not  ful¬ 
ly  define  the  behaviour  of  the  mousetrap. 
Rather  this  is  given  by  the  geometric  resolution 
for  the  following  reason.  The  ratio  tan  y/VR  is 
common  to  equations  (10)  and  (12)  which  give 
the  relation, 

t  —  JL  Jcos  0  -  sin  0j 

That  is  to  say,  the  geometric  resolution  at  the 
“output”  of  the  mousetrap  is  determined  sole¬ 
ly  by  the  mousetrap  parameters  and  probe 
height,  and  is  independent  of  the  receptor 
explosive. 

Apart  from  errors  in  0.  the  other  most  likely 
source  of  variation  lies  in  the  bulk  density  and 
thickness  of  the  driver  explosive,  SX2,  as  may 
occur  between  batches.  The  effect  of  these 
variables  on  y,  may  be  derived  from  equations 
(6),  (7)  and  (10)  to  give, 

d y  _  2  vHsin®  f  d_£n + ^ 1  p  _  _  ^c ) 

Vn(o+2MQI)  Id  6c  lc  ’ 

where  p()  and  tj).  QCl  and  t(;,  are  the  densities 
and  thicknesses  of  explosive  driver  and  glass 
respectively.  Using  the  numerical  values 
already  given,  it  is  found, 

dy = oMdQ"+6ti)-6^-6ln 

'  6d  1d  6c  lc  1 

If  dpij/pj)  and  dtL)/t{)  each  vary  from  batch 
to  batch  by  ±  5‘c,  then  dy  =  ±  2.8°.  Substi¬ 
tuting  this  in  equation  (13)  gives  dt  =  ±  30ns. 
This  is  excessive  and  to  overcome  the  difficul¬ 
ty,  in  the  experiments  a  batch  of  SX2  was  set 
aside  to  be  used  only  for  mousetraps.  Alter¬ 
natively.  an  explosive  with  a  more  closely  defin¬ 
ed  gu  and  tD  may  be  used  and/or  larger  values 
of  a. 
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Similarly,  all  the  glass  in  the  mousetraps  was 
taken  from  one  sheet. 

To  allow  for  edge  effects,  the  face  dimensions 
(80mm  x  55mm)  were  larger  than  those  of  the 
rectangular  receptor  charges  (54mm  x  36mm). 
The  whole  glass  assembly  was  bonded  together 
with  optical  cement. 

The  function  of  the  mousetrap  was  checked 
with  a  Beckman  and  Whitley  Model  189  fram¬ 
ing  camera.  The  assembly  was  viewed  side-on, 
with  an  angled  mirror  behind  to  show  the  out¬ 
put  face  of  SX2.  The  results  are  shown  in  Fig 
8.  The  mousetrap  has  closed  correctly  and  the 


shock  pressure  was  sufficient  to  initiate  the 
SX2.  It  will  be  seen  that  the  top  is  slightly 
ahead  of  the  base  and  hence  9  is  slightly  too 
large.  From  an  enlarged  photograph,  the  angle 
of  tilt,  y,  was  measured  to  be  5.5°.  Using  equa¬ 
tions  (10)  and  (9),  corrected  values  of  Vn  and  9 
were  obtained,  2.075mm  ps'1  and  14.2  respec¬ 
tively.  More  simply  equation  (11)  could  be  used. 

A  mousetrap  of  angle  14.2°  was  then  examined 
with  a  Cordin  Model  132A  streak  camera.  Along 
the  horizontal  direction,  discounting  edge  effects, 
the  detonation  front  showed  the  curvature  of  a 
circle  whose  centre  was  the  point  of  initiation, 
as  might  be  expected.  In  the  vertical  direction, 


O)  (4) 

Fig  8.  Framing  camera  sequence.  Mousetrap  is  viewed  side-on.  I  he  right-hand  image  is  formed 
h\  an  angled  mirror  placed  behind  the  mousetrap  and  shows  the  output  face.  Relative  times  are 


0,  5,  8  and  9  ps. 
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however,  the  flatness  of  the  shock  front  is  critically 
affected  by  the  uniform  closing  of  the  mousetrap. 

The  streak  result  is  shown  in  Fig  9.  The  planar¬ 
ity  is  good  except  for  the  lowest  1/5  of  the  output 
from  the  mousetrap,  which  is  slightly  delayed. 
From  the  result,  the  angle  of  tilt,  y,  of  the  planar 
part  of  the  output,  is  found  to  be  0.9°  -  note, 
it  is  not  to  be  confused  with  the  angle  of  the 
front  of  the  streak  record. 

From  equation  (12),  the  geometric  resolution 
was  found  to  be  10ns.  which  is  acceptable. 

1.3  Measurement  of  the  shock  pressure 

For  application  to  the  study  of  shock  to 
detonation  transitions  an  important  parameter 


in  the  present  design  is  the  shock  pulse  height 
and  duration.  This  was  obtained  using  the 
assembly  shown  in  Fig  10.  Float  glass  bonded 
together  with  optical  cement  was  used  through¬ 
out.  Two  probes  were  used,  one  set-back  by  a 
1.3mm  thick  glass  spacer.  The  particle  velocity 
histories  of  both  probes  are  shown  in  Fig  11.  The 
first  probe  (solid  line)  shows  the  output  from  the 
mousetrap  with  a  maximum  particle  velocity  of 
1.02mm  /us1,  which  is  half  the  value  of  Vn  as  ex¬ 
pected.  The  dashed  line  is  the  output  from  the 
second  probe  slightly  attenuated  relative  to  that 
from  the  first  probe,  and  delayed  by  0.28ps.  As 
the  glass  spacer  thickness  is  known,  this  gives 
a  shock  velocity  of  4.68mm  psl.  The  density  of 
the  glass  is  2.47Mg  nr3  and  using  equation  (8), 


Fig.  9.  Streak  record  of  the  centre  vertical  region  of  the  mousetrap  shown  in  Fig.  7 


Velocity 
(  mm  jjs~  1 ) 


Fig  V>  Ass,  mhlx  used  far  measuring  shock  pres-  Fig  11  Particle  velocitx  records  produced  from 

sure  and  duration  produced  b\  a  glass  mousetrap  the  experiment  illustrated  m  l‘ig  10 


the  maximum  shock  pressure  is  found  to  be 
11.8GPa.  This  is  in  agreement  with  pressure  ver¬ 
sus  particle  velocity  data  given  in  ref  8. 

An  unexpected  feature  was  the  initial  curvature 
of  the  particle  velocity  records.  This  can  be  at¬ 
tributed  to  an  elastic  precursor  (ref  8). 

It  is  partly  due  to  the  particularly  high  yield 
strength  of  glass,  and  is  observed  for  pressures 
less  than  22GPa.  Above  22GPa  the  shock  front 
only  is  observable.  Aluminium  and  perspex  also 
exhibit  this  behaviour,  but  at  very  much  lower 
shock  pressures,  as  they  have  much  lower  yield 
strengths. 

1.1  Further  work 

For  shock  to  detonation  studies,  shock  pressures 
of  5-10GPa  are  required.  From  the  experience 
obtained  with  glass  mousetraps,  such  pressures 
can  more  easily  be  obtained  using  the  less  dense 
material,  perspex.  An  additional  advantage  of 
perspex  would  be  the  absence  of  an  elastic  pre¬ 
cursor  Such  a  device  is  being  currently  manu 
factured,  and  will  be  used  to  examine  a  range 
of  explosives  and  boosters 

.)  A  ( ’K  NO VV  L  K I )( I E  M  E NTS 

The  author  would  like  to  thank  Michael  Jones 
for  I  ■■ssistance  in  executing  all  the  experi¬ 
ment  .-escribed. 
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ROYAL  ARMAMENT  RESEARCH  AND  DEVELOPMENT 
ESTABLISHMENT,  FORT  HALSTEAD,  UNITED  KINGDOM 

THE  STUDY  OF  BOOSTER  MATERIALS  WITH 
ELECTROMAGNETIC  PARTICLE  VELOCITY  GAUGES 

(DANIEL  A.  PHILIPPART) 

An  electromagnetic  particle  velocity  gauge  system  incorporating  a  number  of 
novel  ideas  has  been  designed  and  used.  Further,  a  glass  mousetrap  has  been 
successfully  developed  and  its  performance  measured. 


SCHEMATIC  OF  POWER  SUPPLIES.  AND 
METHOD  OF  RECORDING  SIGNAL 


k 


PARTICLE  VELOCITY  GAUGE  RECORD  FOR  TETRYL 


GLASS  MOUSETRAP 


A  mousetrap  is  a  convenient  method  for  generating  plane  shock  fronts  of 
adjustable  amplitude  and  duration.  This  makes  the  device  valuable  in  shock  to 
detonation  studies.  Glass  will  not  interfere  with  the  magnetic  field  of  the 
particle  velocity  gauges. 


FRAMING  CAMERA  SEQUENCE  OF  CLOSING  MOUSETRAP  RELATIVE  TIMES  ARE 

0.  5.  8  and  9  fiS 


ASSEMBLY  USEO  FOR  MEASURING  PARTICLE  VELOCITY  RECORDS 

SHOCK  'RESSURE  AND  DURATION 


THE  OESIGN  ILLUSTRATED  GIVES  A  MAXIMUM  SHOCK  PRESSURE  OF  1  1  8GPa 


APPLICATIONS  OF  FIBER  OPTICS  TO  DETONATION  EVENTS 


P.  Lu,  E.  Naiman  and  W.E.  Voreck 
U.S.  Army  Armament  Research  and  Development  Center 
Dover,  New  Jersey 


The  fiber  optics  technique  and  choice  of  optical  fiber  are  discussed. 
The  application  of  the  fiber  optics  technique  in  characterizing  the 
detonation  wave  tilt  in  a  cased  shaped  charge  is  also  discussed.  The 
wave  tilt  data  is  consistent  with  the  caseless  charge  data  taken  via 
inverse  multi-streak  technique.  Detonation  velocity  data  of  a  multi¬ 
track  plate  recorded  both  by  ionization  probes  and  fiber  optics  are 
described. 


INTRODUCTION 

One  of  the  m  ilv  measured  properties 

in  a  detonation  c  ,s  the  time  of  arrival  of 
the  shock  detonation  front.  Typically,  self- 
shorted  electrical  probes  or  ionization  probes, 
incorporated  with  a  fast  raster  oscilloscope  or 
digitizer  and  storage  memory  are  used  in  this 
kind  of  measurement.  There  are  several  short¬ 
comings  of  the  ionization  probe  technique.  If 
more  than  one  signal  arrives  at  the  same  time, 
a  separate  recording  channel  must  be  provided 
for  each  \\  hen  large  numbers  ot  signals  are  in¬ 
volved,  this  becomes  very  cumbersome  and  ex¬ 
pensive.  Complicated  calibration  and  timing 
techniques  are  needed  to  assure  accuracy  and 
reliability  Even  when  signals  arrive  sequential¬ 
ly  .  confusion  can  result  from  improper  matching 
ot  signals  to  pins,  that  is,  if  signal  arrives  at  a 
different  time  than  ant.cipated,  or  if  multiple 
closures  occur  due  to  motion  of  parts.  If  large, 
rugged  pins  are  used,  then  accuracy  of  location 
is  poor,  on  the  other  hand,  small  pins  are 
delicate  and  easily  damaged  Conductive  ex¬ 
plosives  require  special  insulated  contacting 
switches,  which  introduce  a  delay  in  closure 
times  Electronic  circuits  require  low  induc¬ 
tance,  fast  rise  times,  proper  termination,  and 
short  pulses  without  ringing  finally,  mea¬ 
surements  cannot  be  made  on  experiments  in¬ 
voking  electromagnetic  pulses 

During  the  past  ten  years,  there  is  an  increas¬ 
ing  usage  ot  fiber  optics,  in  place  ot  ionization 
probes  m  measuring  the  time  of  arrival  of 


shock/detonation  front.  Williams  (1)  applied  the 
fiber  optics  to  the  measurements  of  the  onset  of 
detonation  in  an  explosive,  the  velocity  of  a  pro¬ 
jectile  and  the  shock  front  planarity.  Held  and 
Nikovitsc’h  (2)  used  fiber  optics  to  provide  the  pre¬ 
cise  Lime  correlation  information  in  their  high  reso¬ 
lution  multi-streak  technique.  In  all  these  works, 
the  fiber  optics  were  used  without  any  modifica¬ 
tions.  Shaw  et  al.  (3)  developed  the  xenon  gas-filled 
fiber  optics  probes  to  increase  the  light  output. 

We  have  used  fiber  optics  quite  routinely  in 
our  tests.  Since  most  of  our  measurements  in¬ 
volve  multi-points,  we  found  fiber  optics  great¬ 
ly  simplify  the  tracking  and  identifying  each 
point.  A  few  of  the  applicat  ions  will  be  discuss¬ 
ed  here. 

EXPERIMENTS 

We  chose  to  use  opto-electronic  grade  single 
acrylic  monofilament  optical  fiber  manufac¬ 
tured  by  DuPont  Company  in  all  of  our  tests. 
This  fiber  optic  is  chosen  —  mainly  for  its 
relative  low  attenuation  factor,  about  700 
db/kin  at  510  nanometer  wavelength.  Since  it 
is  desired  to  have  a  well  defined  light  image  of 
the  fiber  to  minimize  the  onset  reading  error  in 
data  reduction,  monofilament-tvpe  wms  pre¬ 
ferred  The  diameter  of  the  acrylic  core  is  1  milli¬ 
meter.  and  the  outside  diameter  of  the  black 
plastic  jacket  is  2.2  millimeters.  We  found  that 
the  protective  jacket  is  a  very  useful  feature,  it 
protects  against  stray  light  and  rough  handling 
and  hostile  environments  m  a  test  range 


We  did  not  choose  high  light  transmission  (at¬ 
tenuation  factor  40  db/Km)  glass/quartz  fiber 
optics  for  two  reasons,  the  cost  and  the  difficul¬ 
ty  in  preparing  the  ends.  The  plastic  fiber  can 
be  cut  easily  with  a  heated  knife  blade  which 
produces  a  reasonably  smooth,  flat  surface,  so 
there  is  no  need  to  polish  the  cut  end.  This  great¬ 
ly  simplifies  and  reduces  the  time  and  cost  in 
the  preparation  of  large  quantity  of  fiber  optics 
which  must  be  replaced  or  the  ends  refinished 
after  each  test.  The  preparation  of  this  kind  of 
fiber  is  so  simple  that  an  unskilled  worker  can 
make  smooth  cuts  after  only  a  few  trials.  The 
other  reason  is  that  the  cost  of  acrylic  fiber  is 
only  10%  of  the  comparative  quartz  or  glass 
fiber. 

Since  some  of  our  tests  were  conducted  in  an 
open  test  range  and  require  fairly  long  (16 
meter)  fiber  which  is  much  longer  than  the 
length  (2-3  meters)  used  by  earlier  investigators, 
we  performed  tests  to  determine  the  maximum 
length  of  fibers  which  can  produce  good  light 
transmission  records.  Held  at.d  Nikowitsch  (4) 
have  shown  that  luminosity  of  the  shock  front 
at  the  surface  of  a  detonating  explosive  can  be 
increased  considerably  by  creating  an  air  gap. 
After  a  few  trials,  we  found  that  an  air  gap  of 
0.5  millimeters  produced  the  best  result.  The 
typical  installation  of  the  fiber  optics  is  shown 
in  Fig.  1.  The  spatial  resolution  of  the  1 
millimeter  optical  fiber  can  be  further  improved 
by  using  an  assembly  arrangement  shown  in 
Fig.  2.  However,  the  alternate  method  tends  to 
be  more  susceptible  to  stray  light  problems.  Us¬ 
ing  these  arrangements,  we  have  obtained  good 
records  transmitted  through  25  meters  long 
optic  fibers  without  difficulty.  The  long  fiber 
optics  provide  an  advantage  in  testing  relative 
large  cased  explosive  devices  which  always  pose 
problems  in  containing  the  fragmentation  lrom 
damaging  measuring  instruments. 

The  camera  end  of  the  optica!  fibers  were  ar¬ 
ranged  in  a  straight  array  in  a  metal  fixture  as 
shown  in  Fig.  3  and  viewed  with  a  high  speed 
streak  camera.  No  slit  was  used  in  the  camera. 
The  writing  speed  of  the  image  on  the  film 
typically  was  about  10  millimeters  per  micro¬ 
second  to  provide  better  time  resolution.  The 
photographic  record  is  read  off  from  a  film 
reader  with  an  accuracy  of  2  nanoseconds.  A 
typical  photographic  record  is  shown  in  Fig.  4. 
In  spite  of  the  presence  of  some  precursor  light 
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Fig.  1  Set  up  of  fiber  optics  in  a  cased  device 
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Fig  2.  Alternate  set  up  of  fiber  optics  in  a  cased 
device 

signals,  the  well-defined  round  leading  edge  of 
the  main  light  signals  is  evident  as  shown  in 

Fig-  4 

SHAPED  CHARGE  EXPERIMENTS 

It  is  generally  desired  to  have  a  detonation 
wave,  circumferentially  symmetrical  with  respect 
to  the  axis  in  a  shaped  charge  warhead.  It  is 
known  that  an  unsymmetrical  or  tilted  detona¬ 
tion  wave,  will  generate  a  curved  jet  and  affect 
penetration  performance.  Many  investigators 
have  looked  into  the  effects  of  asymmetry  in  the 
detonation.  Deas  (4)  applied  ionization  probes 
technique  to  a  cased  shaped  charge  device  and 
found  a  correlation  between  the  asymmetry  of 
the  detonation  front  and  the  direction  of  skew 
of  the  jet 


Fig.  3.  Fiber  optics  arrangement  facing  to  the 
recording  streak  camera 


t  1  I  »  1  |  ♦  •  * 

•  .  *  i 


Fig  ■ I  Fiber  optics  record 

More  recently.  Held  and  Nikowitsch  (o)  have 
developed  a  precision  diagnostic  technique, 
inverse-multi-slreak  photography  to  determine 
the  detonation  wave  characteristics,  such  as  the 
tilt  or  velocity  in  a  caseless  shaped  charge 
device  However,  this  technique  requires  that 
the  surface  of  the  explosive  be  exposed  and  be 
"seen"  by  a  camera.  As  a  result.  ( 1 )  only  caseless 
devices  can  be  tested,  and  (2)  the  test  device 
must  be  visible  by  the  camera  either  in  the-  line- 
of-sight  or  indirectly  via  mirrors.  To  avoid  thes" 
difficulties,  we  have  applied  the  fiber  optic 
technique  to  diagnosing  the  detonation  wave 
characteristics  and  performance  of  a  cased 
shaped  charge  device  16).  The  test  fixture  and 
the  fiber  optics  setup  arc-  shown  in  Fig.  5.  There 
are  eight  measuring  planes  along  the  length  of 
the  device,  and  each  plane  is  determined  by 
three  fiber  optic  points.  Holes  were  drilled 
through  the  metal  body  to  expose  the  explosive 
and  to  accommodate  the  fiber  optics.  The  ex¬ 
act  location  of  each  hole  was  measured  to 


facilitate  accurate  data  reduction.  The  three  ex¬ 
ternal  columns  were  used  to  support  the  soft 
fiber  optics.  We  initiated  the  device  both  cen¬ 
trally  as  well  as  off  center.  Fig.  6  shows  a  test 
record  from  a  shot  initiated  3.1  millimeters  off- 
center.  The  off-center  initiation  induces  a  tilted 
detonation  wave  front  in  the  explosive  charge, 
as  portrayed  by  the  various  times  of  arrival  of 
the  light  signals  recorded  at  each  measuring 
plane.  Since  the  off-center  initiation  is  directly 
opposite  from  Column  B  of  fiber  optics  and  was 
at  an  equal  distance  between  the  other  two  col¬ 
umns  (A  and  C)  of  fiber  optics,  a  detonation 
wave  which  tilted  away  from  Column  B,  but 
more  or  less  symmetrical  to  the  bisector  axis 
between  Column  A  and  C  would  be  formed. 
Thus,  at  each  measuring  plane,  the  light  signals 
from  Column  A  and  C  are  at  the  same  time  or¬ 
dinate,  while  those  from  Column  B  are  lagging 
behind. 


Fig. 5.  Fiber  optic*  assembly  and  shaped  charge 
test  fixture 
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Fig.  6.  Fiberoptic*  fruiti-profile photographic 
record 


With  time  of  arrival  information  of  the  three 
light  signal  and  their  respective  geometrical 
locations,  it  is  possible  to  construct  a  wavefront 
plane  to  determine  its  perpendicularity  with 
respect  to  the  rotational  axis  of  the  charge.  Cer¬ 
tainly,  the  true  shape  of  the  whole  detonation 
front  is  complicated  and  not  in  a  flat  plane. 

Fig.  7  shows  that  a  typical  plot  of  the 
magnitude  and  the  orientation  of  the  detonation 
wave  tilt  at  each  measuring  plane  in  a  central¬ 
ly  initiated  charge.  The  detonation  tilt  is  defin¬ 
ed  as  the  angle  between  the  normal  of  the 
detonation  wave  plane  which  is  defined  by  the 
three  light  signals  and  the  rotational  axis  of  the 
charge.  The  angle  of  orientation  is  arbitrary  and 
is  used  for  reference  only.  It  is  interesting  to 
note  that  the  obliquity  of  the  detonation  wave 
is  changing  as  the  wave  propagates  from  the 
top  end  to  the  bottom  end  of  the  device.  It  is 
not  known  the  exact  causes  of  this  observation. 
However,  certain  local  conditions,  such  as  the 
explosive  grain  size,  density,  the  confinement 
and  the  abrupt  discontinuity  of  the  geometrical 
configuration  -  may  influence  the  local  detona¬ 
tion  velocities  which  in  turn  affect  the  local 
shaping  of  the  detonation  front. 
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Fit)  7  Wave  tilt  orientation  history  (central 
initiation) 

Fig  8  shows  the  effect  of  an  off-center  initia¬ 
tion  on  the  detonation  wave  front  tilt  in  the 
charge.  It  is  interesting  to  note  that  the  off- 
center  initiation  effect  dominates  the  detonation 
tilt  characteristics  in  the  whole  charge.  The 


magnitude  of  tilt  is  much  larger  and  the  orien¬ 
tation  of  the  wave  tilt  is  also  confined  within 
a  very  narrow  angle.  Although  magnitude  of 
detonation  tilt  decreases  as  the  detonation  prop¬ 
agates  toward  the  bottom  of  the  charge,  it  never 
reaches  the  level  at  which  a  central-initiation 
can  be  achieved. 


Fig.  8  Wave  tilt  orientation  history  (3.1  mm  off 
center  initiation) 


For  comparison  purposes,  we  have  measured 
the  detonation  wave  characteristics  near  the 
tapered  portion  of  the  charge  via  inverse  multi¬ 
streak  techniques.  The  metal  body  of  the  device 
was  removed  so  that  a  transparent  mask  could 
be  used.  Fig.  9  shows  the  photographic  record 
of  the  detonation  profile.  The  device  was  cen¬ 
trally  initiated  for  this  U  •(,.  The  average  value 
of  the  detonation  tilt  at  the  measuring  plane  1 
(Fig.  5)  of  the  four  tests  is  0.6°,  while  the 
overage  value  of  nine  fiber  optics  measurement 
at  corresponding  location  is  0.32°.  The  dif¬ 
ference  could  be  due  to  the  change  of  confine¬ 
ment  bare  charge  vs.  cased  charge,  in  the  two 
sets  of  testing;  however,  it  also  may  be  due  to 
the  difference  between  the  number  of  sampling 
points  taken  in  these  two  techniques.  In  the 
fiber  optic  test,  the  detonation  front  plane  is 
determined  by  only  three  data  points.  Any  local 
disturbance  in  any  one  of  the  three  points  may 
provide  a  different  wave  plane.  On  the  other 
hand,  32  sampling  points  were  taken  at  each 
measuring  plane  in  the  multi-streak  technique. 
Any  local  disturbance  will  not  be  as  important 
in  determining  the  wave  plane. 


Fig.  y.  Multi-streak  photographic  record  of  a 
centrally  initiated  caseless  shaped  charge 

MULTI-TRACK  EXPERIMENTS 

For  comparison  purposes,  we  recorded  the 
detonation  velocity  measurements  via  both 
ionization  probes  and  fiber  optics  in  a  multi¬ 
track  device.  The  photograph  of  the  lucite  multi¬ 
track  plate  is  shown  in  Fig.  10.  Holes  which  ac¬ 
commodate  fiber  optics  are  also  visible  in  the 
picture.  Six  measuring  tracks  of  three  different 
sizes  were  machined  into  the  lucite  plate.  The 
track  width  was  0.8,  1.2  and  1.6  millimeter  and 
the  depth  of  the  tracks  was  1.3,  1.7  and  2.1 
millimeter,  respectively.  A  PETN-plastic  for¬ 
mulation,  was  loaded  into  the  track  manually. 
Slots  were  cut  in  between  tracks  to  minimize 
"cross-talk".  Fig  1 1  shows  the  photograph  of 
the  explosive  loaded  plate  with  fiber  optics  in¬ 
stalled.  The  ionization  probes  were  assembled 
in  the  top  aluminum  confinement  plate  as 
shown  in  Fig.  1 2.  The  signals  of  the  ionization 
probes  were  recorded  in.  a  digital  transient 
recorder  which  has  a  rise  time  of  10  nanosecond. 
i'he  measured  velocities  are  summarized  in 
Table  1. 


One  of  0  8  min  track  failed  to  detonate.  This 
was  caused  In  a  defect  in  the  explosive  fill  in 
the  track 


Fig.  10.  Multi-track  test  plate 


Fig.  11.  Multi-track  plate  with  fiber  optics 
installed 


Fig  12.  Confinement  plate  with  ionization 
probes  installed 

In  general,  both  ionization  probe  data  and  fiber 
optics  data  show  tne  diameter  effect  on  the 
detonation  velocities.  However,  the  fiber  optics 
data  has  less  spread  and  has  more  consistent 
trend. 
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TABLE  1 

Detonation  Velocity  Measurements  as  a  Func¬ 
tion  of  Track  Width 


Track 

Width 

(mm) 

DETONATION  VELOCITY 

Ionization 

Velocity 

(mm/ps) 

Fiber 

Optics 

(mm/ps) 

0.8 

no  data 

no  data 

O.S 

6.698 

6.610 

1.2 

6.727 

6.694 

1.2 

no  data 

6.731 

1.6 

6.533 

6.899 

1.6 

6.799 

6.899 

SUMMARY 

We  have  shown  that  the  new  opto-electronic 
grade  plastic  optic  fiber  is  a  reliable  and  more 
accurate  alternative  to  ionization  probes.  With 
a  0.5  mm  air  gap,  sufficient  light  signals  can  be 
transmitted  by  25  metei  long  fiber  optics 
without  difficulty. 

We  compared  the  fiber  optic  technique  with 
the  inverse  multi-streak  technique  in  shaped 
charge  investigation.  The  results  taken  by  these 
two  techniques  are  consistent.  The  fiber  optic 
technique  can  be  applied  to  shaped  charges  with 
metal  bodies  and  has  no  restriction  on  the 
relative  location  of  the  test  device  and  recording 
camera.  We  also  compared  the  detonation 
velocity  data  recorded  via  ionization  probes  and 
fiber  optics  The  fiber  optic  data  «how  a  consis¬ 
tent  increase  in  velocity,  while  the  pin  data  was 
more  erratic,  but  was  in  reasonable  agreement. 
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VISAR:  INTERFEROMETER  QUADRATURE  SIGNAL  RECORDING 
BY  ELECTRONIC  STREAK  CAMERA 


W.  F.  Hemsing 

Los  Alamos  National  Laboratory 
Los  Alamos,  New  Mexico 


This  short  paper  describes  a  demonstration  to  record  the  four  quadra¬ 
ture  signals  from  a  push-pull  VISAR  velocity  interferometer  using 
an  electronic  streak  camera.  Optical  fibers  were  used  to  transmit  the 
interferometer  outputs  to  the  camera  photocathode.  Brightness  varia¬ 
tions  of  these  signals  were  recorded  on  film  during  the  experiment. 
Velocity  information  was  later  recovered  from  this  record  to  give  a 
continuous  velocity  history.  Anticipated  advantages  over  previous 
methods  are  increased  time  resolution,  the  ability  to  record  multiple 
velocities  simultaneously  and  greater  dynamic  range. 


INTRODUCTION 

Velocity  interferometry  using  VISAR  (1-5), 
Fabry-Perot  (6-8),  or  other  (9-11)  systems  to 
measure  high  velocities  is  being  applied  to  an 
increasing  number  of  experiments.  Interferom¬ 
eters  where  output  is  proportional  to  velocity, 
rather  than  displacement,  are  employed  to  avoid 
the  excessively  high  frequencies  resulting  from 
optical  displacement  interferometry. 

DISCUSSION 

The  sensitivity  to  velocity  of  both  VISAR  and 
Fabry-Perot  interferometers  can  be  adjusted 
over  a  wide  range.  In  most  cases  this  useful 
feature  allows  a  good  match  between  the  experi¬ 
ment  and  the  velocity  measurement  system. 
Adjusting  sensitivity  to  velocity,  however,  af¬ 
fects  the  response  of  each  system  differently. 

The  response  time  of  a  Fabry-Perot  inter¬ 
ferometer  is  proportional  to  its  velocity  sensi¬ 
tivity.  This  interferometer  requires  constructive 
interference  between  multiple  beams  that  arrive 
to  recombine  over  a  finite  interval  of  time.  After 
a  velocity  change,  at  least  a  fraction  of  this 
photon  fill-time  (12)  must  pass  beRne  light  out¬ 
put  corresponding  to  the  new  velocity  becomes 
visible  V  elocity  features  that  persist  for  less 
than  this  short  time  cannot  be  measured. 

A  VISAR  uses  a  field-widened  Michelson 
interferometer  with  a  delay  in  one  leg  that  is 


proportional  to  its  velocity  sensitivity.  Because 
it  depends  on  interference  between  only  two 
beams,  it  produces  continuous  optical  output. 
When  an  abrupt  velocity  change  occurs,  the  out¬ 
put  is  somewhat  like  that  obtained  from  a  dis¬ 
placement  interferometer  over  the  interferom 
eter  delay  time.  Although  the  output  frequency 
over  this  short  time  may  greatly  exceed  the 
response  capability  of  available  photodetectors, 
it  still  occurs.  Thus,  for  VISAR,  the  response 
time  is  determined  by  its  photodetector  system 
rather  than  the  interferometer  itself. 

At  least  three  features  of  electronic  streak 
cameras  have  motivated  their  use  for  velocity 
interferometry.  They  are  fast  response,  great 
dynamic  range,  and  the  ability  to  record  large 
amounts  of  information. 

To  date,  most  Fabry-Perot  velocity  measure¬ 
ments  have  made  use  of  streak  cameras.  Fur¬ 
thermore.  streak  cameras  have  been  applied  to 
velocity  measurements  using  wide-angle 
Michelson  interferometers  without  quadrature 
coding. 

Most  VISAR  systems  presently  use  photo¬ 
multipliers  and  oscilloscopes  or  digitizers  to 
acquire  signals  and  records.  Several  are 
microprocessor  controlled  and  fast  to  operate. 

In  viewing  this  previous  work,  there  appear  to 
be  four  motivating  reasons  to  apply  an  electronic- 
streak  camera  to  record  VISAR  quadrature 


signals.  First,  the  streak  camera  provides  fast 
speed  that  is  compatible  with  the  interferometer 
output.  Second,  the  streak-camera  dynamic 
range  is  much  greater  than  that  of  the  digitizer 
recorders.  Third,  by  using  optical  fibers  to 
transmit  the  optical  signals  to  a  very  small  area 
on  a  streak-camera  photocathode,  it  should  be 
possible  to  record  other  data  or  multiple 
velocities  simultaneously.  Last,  the  effect  of 
speckle  interference  on  data  reduction  is 
eliminated  by  the  use  of  quadrature  coding. 

SUBSTITUTING  A  STREAK  CAMERA  FOR 
PHOTOMULTIPLIERS  AND  DIGITIZERS 

Figure  1  shows  a  modified,  push-pull  VISAR 
(4)  as  used  with  oscilloscopes  or  digitizers.  Dif¬ 
ferential  amplifiers  are  used  to  subtract  elec¬ 
trical  signals  detected  at  opposite  sides  of  the 
interferometer  for  each  polarization.  This 
reduces  the  original  four  signals  to  two  before 
recording.  A  digitizer  record  showing  these  two 
signals  with  time  fiducials  is  included. 

This  system  works  well  and  will  continue  to 
be  used.  However,  in  experiments  where  the 
disadvantages  of  photomultipliers  and  elec¬ 
tronic  signal  recorders  are  important,  the 
system  of  Fig.  2  may  be  useful.  Here  the  elec¬ 
tronic  streak  camera  is  used  to  record  the  op¬ 
tical  signals  from  the  interferometer  directly. 
An  experimental  record  is  shown. 

RESULTS 

Figure  3  is  a  more  detailed  analysis  of  the  ex¬ 
perimental  record  obtained  by  the  system  of 
Fig.  2.  Several  features  are  visible. 

The  enlargement  shows  considerable  graini¬ 
ness.  lliis  is  due  to  the  microchannel-plate  inten- 
sifier  used  to  amplify  the  camera  light  output. 
Noise  from  this  graininess  is  very  evident  in 
each  scan  of  the  microdensitometer  isoplot. 
However,  the  plots  showing  each  signal  with 
several  scans  averaged  together  show  much  less 
noise.  This  noise  i  eduction  is  very  desirable  but 
it  requires  greater  photocathode  space  and, 
therefore,  decreases  the  number  of  signals  that 
can  be  recorded 

No  attempt  has  been  made  here  to  calibrate 
the  response  of  the  film,  camera,  and  intensifier 
to  light  Further,  the  zero  light  level  was  as¬ 
sumed  to  be  the  film  fog  level  before  each  trace. 
Conjugate  signals  were  matched  in  amplitude 


using  arbitrary  constants  and  then  subtracted 
for  use  in  a  simple  data  reduction  program  (13) 
using  arctangent  (3). 

Results  of  subtraction,  polar  plotting,  and 
reduction  to  velocity  histories  are  shown  in  Fig. 
4.  Here  the  difference  between  each  pair  of  con¬ 
jugate  signals  is  plotted  in  the  upper  left.  These 
two  traces  are  like  the  sine  and  cosine  of  an 
angle  that  is  proportional  to  the  surface  veloci¬ 
ty.  They  are  similar  to  the  digitizer  record  of 
Figure  1. 

A  polar  (Lissajous)  plot  of  these  traces  is  at 
the  upper  right.  Ideally  this  plot  is  a  circle. 
Results  of  correcting  for  unequal  amplitude  and 
a  phase  difference  other  than  SO0  are  shown  to 
the  far  right.  Velocity  histories  are  shown  at  the 
bottom. 

A  verity  of  work  remains  to  be  done.  Actual 
advantages  and  disadvantages  of  this  technique 
will  best  be  judged  in  the  future. 


CONCLUSION 

Direct  optical  recording  of  the  quadrature 
signals  from  a  VISAR  has  been  demonstrated. 
The  quality  of  these  records  appears  to  be  good. 
Data  were  read  from  the  film  by  a  microden¬ 
sitometer  and  reduced  to  velocity  plots  using 
previously  developed  methods.  This  technique 
was  simple  to  apply  to  an  existing  VISAR.  It 
should  give  improved  time  resolution,  the 
capability  to  simultaneously  record  multiple 
velocities  on  one  camera,  and  greater  dynamic 
range  than  previous  systems. 


ACKNO  WLEDG  EM  ENTS 

Help  was  generously  given  by  Me!  Garcia  who 
installed  the  optical  system  and  assembled  the 
experiments,  by  Clint  Finley  and  Bob  Benjamin 
who  supplied  and  operated  the  lmacon  790 
camera,  and  by  Mary  Luke  and  Rolin  Whitman 
who  read  the  film.  Encouragement  and  helpful 
suggestions  from  Norval  Parker  are  greatly  ap¬ 
preciated  also.  We  thank  each  contributor  for 
making  this  demonstration  work. 


469 


MODIFIED  PUSH-PULL  VISAR:  SIGNAL  RECORDING  BY, 
ELECTRONIC  STREAK  CAMERA 


Fig  1  Diagram  of  push-pull  VISAR  with  photomultipliers  and  digitizers.  The  four  interferometer 
quadrature  signals  are  reduced  to  two  by  differential  amplifiers  before  recording. 
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Fig  2  Push-pull  VISAR  directly  coupled  to  electronic  streak  camera  by  optical  fibers  All  four 
quadrature  signals  are  recorded. 
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This  short  paper  describes  a  demonstration  to  record  the  four  quadra¬ 
ture  signals  from  a  push-pull  VISAR  velocity  interferometer  using 
an  electronic  streak  camera.  Optical  fibers  were  used  to  transmit  the 
interferometer  outputs  to  the  camera  photocathode.  Brightness  varia¬ 
tions  of  these  signals  were  recorded  on  film  during  the  experiment. 
Velocity  information  was  later  recovered  from  this  record  to  give  a 
continuous  velocity  history.  Anticipated  advantages  over  previous 
methods  are  increased  time  resolution,  the  ability  to  record  multiple 
velocities  simultaneously  and  greater  dynamic  range. 


INTRODUCTION 

Velocity  interferometry  using  VISAR  (1*5), 
Fabry-Perot  ((5-8),  or  other  (9-11)  systems  to 
measure  high  velocities  is  being  applied  to  an 
increasing  number  of  experiments.  Interferom¬ 
eters  where  output  is  proportional  to  velocity, 
rather  than  displacement,  are  employed  to  avoid 
the  excessively  high  frequencies  resulting  from 
optical  displacement  interferometry. 

DISCUSSION 

The  sensitivity  to  velocity  of  both  V ISAR  and 
Fabry-Perot  interferometers  can  be  adjusted 
over  a  wide  range.  In  most  cases  this  useful 
feature  allows  a  good  match  between  the  experi¬ 
ment  and  the  velocity  measurement  system. 
Adjusting  sensitivity  to  velocity,  however,  af¬ 
fects  the  response  of  each  system  differently. 

The  response  time  of  a  Fabry-Perot  inter¬ 
ferometer  is  proportional  to  its  velocity  sensi¬ 
tivity.  'Phis  interferometer  requires  constructive 
interference  between  multiple  beams  that  arrive 
to  recombine  over  a  finite  interval  of  time.  After 
a  velocity  change,  at  least  a  fraction  of  this 
photon  fill-time  (12!  must  pass  befoie  light  out¬ 
put  corresponding  to  the  new  velocity  becomes 
visible  Velocity  features  that  persist  for  less 
than  this  short  time  cannot  be  measured 

A  VISAR  uses  a  field- widened  Michelson 
interferometer  with  a  delay  in  one  leg  that  is 


proportional  to  its  velocity  sensitivity.  Because 
it  depends  on  interference  between  only  two 
beams,  it  produces  continuous  optical  output. 
When  an  abrupt  velocity  change  occurs,  the  out¬ 
put  is  somewhat  like  that  obtained  from  a  dis¬ 
placement  interferometer  over  the  interferom 
eter  delay  time.  Although  the  output  frequency 
over  this  short  time  may  greatly  exceed  the 
response  capability  of  available  photodetectors, 
it  still  occurs.  Thus,  for  VISAR,  the  response 
time  is  determined  by  its  photodetector  system 
rather  than  the  interferometer  itself. 

At  least  three  features  of  electronic  streak 
cameras  have  motivated  their  use  for  velocity 
interferometry.  They  are  fast  response,  great 
dynamic  range,  and  the  ability  to  record  large 
amounts  of  information. 

To  date,  most  Fabry-Perot  velocity  measure¬ 
ments  have  made  use  of  streak  cameras.  Fur¬ 
thermore,  streak  cameras  have  been  applied  to 
velocity  measurements  using  wide-angie 
Michelson  interferometers  without  quadrature 
coding. 

Most  VISAR  systems  presently  use  photo¬ 
multipliers  and  oscilloscopes  or  digitizers  to 
acquire  signals  and  records.  Several  are 
microprocessor  controlled  and  fast  to  operate. 

In  viewing  this  previous  work,  there  appear  to 
be  four  motivating  reasons  to  apply  an  electronic- 
streak  camera  to  record  VISAR  quadrature 


Fig.  3.  Details  of  streak  record  obtained  by  system  of  Fig.  2.  Graininess  due  to  microchannel-plate 
intensifier  is  apparent  in  enlargement  of  film  record  and  its  density  isoplot.  The  four  traces  at  the 
right  result  from  averaging  several  density  scans  from  each  signal  to  reduce  noise. 


Fig  4.  Difference  signals  at  upper  left  are  obtained  from  streak  record  of  Fig.  3  by  subtraction  indi¬ 
cated.  First  Lissajous  figure  shows  distortion  due  to  unequal  signal  amplitudes  and  phase  difference 
other  than  90 0  Second  Lissajous  has  operator  input  amplitude  and  phase  corrections.  Velocity  plots 
are  obtained  by  taking  arctangent  of  the  quotient  of  the  difference  signals  using  corrected  phase 
difference  and  amplitudes.  The  resulting  angle  is  related  to  the  velocity  by  the  VISAR  fringe  constant 
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LASER  AS  A  TOOL  IN  SENSITIVITY  TESTTNG  OF  EXPLOSIVES 


Henric  Ostmark 

National  Defence  Research  Institute 
Stockholm,  Sweden 


A  C02  laser  was  used  to  heat  a  pyrotechnic  mixture  of  Mg  and 
NaN03  at  various  power  levels  and  various  pulse  widths.  At  short 
pulse  widths  the  sensitivity  could  be  characterized  by  a  threshold 
ignition  energy  density.  For  long  pulses  the  sensitivity  is  character¬ 
ized  by  a  threshold  ignition  energy  power.  For  pulse  widths  between 
those  extremes  the  ignition  energy  density  is  approximately  propor¬ 
tional  to  the  square-root  of  the  pulse  width.  By  measuring  the  critical 
ignition  power  at  various  beam  radii,  it  was  shown  that  the  size  of 
the  irradiated  area  is  an  important  parameter.  The  experimental 
results  are  validated  by  theoretically  solving  the  heat-flow  equation 
under  certoJn  conditions.  This  method  also  permits  calculation  of  the 
ignition  tern,  erature,  the  optical  absorption  coefficient,  the  activa¬ 
tion  energy,  and  the  frequency  factor. 

In  order  to  lest  the  general  applicability  of  the  method,  some  com¬ 
mon  high  explosives  (PBTN,  RDX,  HMX,  Tetryl,  HNS  and  TNT) 
were  tested  superficially.  The  laser  ignition  technique  is  believed  to 
be  useful  for  calibration  of  conventional  sensitivity  tests  as  well  as 
for  risk  analyses  in  practical  situations. 


INTRODUCTION 

The  thermal  sensitivity  of  an  explosive  is 
essentially  a  heat  balance  pioblem.  A  certain 
amount  of  energy  fed  into  an  explosive  sample 
will  initiate  a  deflagration.  The  problem  with 
conventional  sensitivity  tests  is  that  the  actual 
input  of  energy  is  difficult  to  control  and 
measure,  which  makes  it  virtually  impossible  to 
understand  the  physical  and  chemical  processes 
involved. 

Electro  Explosive  Devices  (EEDs)  are  ig¬ 
nited  by  sending  an  electric  current  through  a 
wire  which  is  in  close  contact  with  the  priming 
charge  of  the  EED.  If  the  current  pulse  is  short 
enough  the  ignition  depends  solely  on  the 
energy  in  the  pulse.  On  the  other  hand  if  the  cur¬ 
rent  pulse  is  long  enough,  the  ignition  depends 
only  on  its  power.  Thus,  an  EED  may  be  elec¬ 
trically  characterized  exclusively  by  its  critical 


ignition  energy,  its  critical  power,  and  a 
characteristic  time,  its  thermal  time  constant 
(1). 

The  same  type  of  characterization  should  be 
possible  for  explosives  initiated  thermally.  In 
order  to  control  precisely  the  amount  of  energy 
and  the  duration  of  the  pulse,  it  is  convenient 
to  use  a  laser  to  heat  the  explosive. 

The  relations  between  pulse  width  and  igni¬ 
tion  energy  and  between  beam  radius  and  igni¬ 
tion  power,  was  determined  for  a  number  of 
pulse  widths  and  beam  radii.  As  those  sensitivi¬ 
ty  curves  are  dependent  upon  (he  geometry  of 
the  sample  as  well  as  on  the  thermal  and 
chemical  behaviour  of  its  constituents,  it  is  dif¬ 
ficult  to  compare  different  explosives,  to 
tabulate  results  and  to  estimate  sensitivities  for 
other  geometries.  This  means  that  in  order  to 
get  some  more  information  out  of  the  test  it 
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Fig.  1.  Experimental  set-up.  The  sample  holder  is  shown  in  magnification 


must  be  complemented  with  a  mathematical 
model.  The  model  chosen  here  is  the  thermal  ex¬ 
plosion  theory  (2,3),  which  makes  it  possible  to 
determine  "fundamental  constants’’,  with 
which  it  is  fundamentally  possible  to  calculate 
the  sensitivity  of  an  arbitrary  geometry. 

EXPERIMENTAL 

Explosives 

The  samples  used  in  the  experiments  were  of 
two  kinds;  a  pyr  jterlmic  mixture  (PM)  and  high 
explosives  (II F*  ,  '  were  compressed  to  2  x 
10  mm  tablets.  The  HE,  which  was  of  technical 
grade,  was  compressed  to  95%  of  theoretical 
maximum  density  (TMD).  The  PM  was  com¬ 
pressed  to  85%  of  TMD.  Further  specification 
of  the  PM  is  shown  in  Table  1. 

Experimental  Set-up 

The  experiments  were  carried  out  with  a  300 
W  C02-taser  (A  =  10.6pm)  with  a  mechanical 
shutter  that  gave  pulse  widths  in  the  interval 
1  ms  -  continuous.  The  set-up  is  shown  in  Fig.  1. 

A  beam  splitter  reflected  3%  of  the  beam’s 
power  onto  a  power/energy  detector  while  the 
main  beam  was  focused  to  irradiate  an  area  of 
about  3  mm  of  the  sample  surface.  To  protect 
the  optics  from  sample  debris,  ait  was  blown 
through  a  nozzle  in  front  of  the  sample.  A  time 


TABLE  1 


Composition 

58%  Mg+42%  NaNOj 

Grain  size 

Mg:  spec  MIL-P-140C7B 
(95%  <4  5pm) 

NaN0,:<  75  pm,  sieved 

Compacting  pressure 

150-160  MPa 

Density 

1650  kg/m’ 

Reflection  coefficient 

0.71 

Heat  capacity 

1.00  kJ/kg/K 

Thermal  conductivity 

4.4  W/m/K 

record  of  the  power  incident  upon  the  sample  was 
obtained  by  reflecting  the  weaker  beam  against 
a  diffuse  reflector  and  measuring  this  power  with 
a  CMT  detector.  This  set-up  was  calibrated  with 
a  calorimetric  absolute  value  powermeter,  which 
was  inserted  in  the  main  beam  in  front  of  the  lens. 

Reflection  measurement 

The  reflection  coefficient  of  the  explosive  sam¬ 
ple  was  determined  by  irradiating  it  with  a  wave¬ 
guide  laser  (A  =  10.8pm)  and  measuring  the  inci¬ 
dent  power  as  well  as  the  scattered  power  (see 
Fig.  2).  The  incident  power  was  measured  by  a 
powermeter,  while  the  scattered  power  was 
measured  as  a  function  of  the  angle  of  reflection 
by  an  absolute  value  calibrated  pyro-electric 
detector. 
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in  plexiglass.  The  critical  ignition  energy  was 
measured  as  above. 


F.g.  2.  Reflection  measurements 


The  reflected  power  was  then  integrated  over 
a  semisphere,  according  to  the  formula: 

Prefl  =  /,l/’  CAP(0)  sin0d0  =  I  CAP(0)sin0A0  (1) 
o  n/> 

where  C  is  an  apparatus  constant,  AP  is  the  detec¬ 
tor  signal  and  Prefl  is  the  reflected  power.  The 
reflection  coefficient  is  given  by  the  ratio  of  the 
reflected  power  to  the  incident  power. 

Area  measurements 

The  laser  has  a  Gaussian  intensity  distribution 
given  by 

1(8)  =  I0e  '  “>*  (2) 

This  means  that  the  irradiated  area  is  not  well 
defined.  However,  on  condition  that  the  radial 
losses  are  "small”,  an  "effective”  area  may  be 
determined.  Tills  area  is  defined  as 

A  =EGciit(Tp) 

*  crit  <V 

where  £crit  (Tp)  is  an  absolutely  determined  igni¬ 
tion  energy  density,  and  EGcrjt  is  the  ignition 
energy  at  Gaussian  intensity  distribution  at  the 
same  pulse  width. 

On  condition  that  all  measurements  are  made 
with  a  fixed  geometry,  the  energy  density 


A 


may  be  determined  with  a  fair  degree  of  accuracy 
for  all  values  of  Tp. 

The  Gaussian  intensity  distribution  was 
transformed  by  a  beam  integrator  (4)  to  a  rec¬ 
tangular  transverse  intensity,  Fig.  3.  This  was  im¬ 
aged  on  the  sample  through  a  lens,  and  the  irrad¬ 
iated  area  was  measured  by  making  an  imprir*. 


Fig.  3.  Production  of  a  flat  top  laser  beam 

RESULTS 
Pyrotechnic  mixture 

The  critical  energy  density  (energy  per  unit 
area)  necessary  to  ignite  the  sample  was 
measured  at  various  pre-set  pulse  widths  by  vary¬ 
ing  the  energy  incident  upon  the  sample.  At  each 
pulse  width  the  sample  was  first  irradiated  at  a 
low  power  level.  The  sample  was  then  rotated,  so 
that  a  fresh  surface  was  exposed  next.  The  power 
was  increased  with  each  successive  pulse  until  ig¬ 
nition  occurred.  On  this  occasion  the  energy  con¬ 
tent  of  the  laser  pulse  as  well  as  the  time  to  igni¬ 
tion  was  recorded.  The  energy  and  power  incident 
upon  the  sample  was  then  converted  to  absorbed 
energy  density  and  heat  flux  density  by  keeping 
the  geometry  fixed  and  using  the  quantities  ef¬ 
fective  area  and  reflection  coefficient. 

The  results  of  these  experiments  with  pre-set 
pulse  widths  are  given  in  Table.  2. 

The  critical  power  (total  power)  necessary  to  ig¬ 
nite  the  sample  was  measured  at  various  pre-set 
beam  radii.  In  these  experiments,  the  pulse  width 
was  fixed  (Tp=500  ms)  and  the  experiments  were 
carried  out  as  above. 

The  result  of  the  experiment  with  pre-set  beam 
radii  are  shown  in  Fig.  4. 

High  Explosives 

In  order  to  investigate  the  general  applicability 
of  the  method,  some  common  HEs  (PETN,  RDX, 
HMX,  HNS,  Tetryl  and  TNT)  were  tested 
superficially. 

Complete  sensitivity  curves  were  not  obtained. 
The  sensitivity  was  measured  for  each  HE  at  one 
pre-set  pulse  width  only,  Since  the  HEs  proved 
difficult  to  ignite  at  atmospheric  pressure,  they 
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TABLE  2 

Critical  Ignition  Data  for  the  Pyrotechnic  Mixture 


Pulse 

width 

(s) 

Heat 

flux 

(W) 

Energy 

(J) 

Time  to 
ignition 
(s) 

Heat  flux 
density 
fW/cm2) 

Energy 

density 

(J/cm2) 

.058 

— 

1970 

2.09 

.058 

— 

1160 

2.09 

1 

.061 

— 

1070 

2.20 

27.4 

.068 

— 

987 

2.45 

1 

23.9 

.074 

— 

861 

2.67 

22.1 

.093 

— 

796 

3.35 

'■  i  MS 

18.2 

.1 

— 

656 

3.60 

17.63 

.118 

.03 

635 

4.25 

14.8 

.122 

— 

533 

4.39 

.0098 

13.8 

.135 

.031 

497 

4.86 

■Mi# 

13.56 

.137 

.03 

488 

4.94 

10.1 

.156 

.04 

364 

5.62 

.C 154 

11.36 

.174 

.032 

409 

6.27 

.0193 

7.32 

.141 

.045 

264 

5.08 

.0276 

6.24 

.173 

.65 

225 

6.23 

.035 

5.98 

.209 

.055 

215 

7.53 

.051 

5.41 

.276 

.066 

195 

9.94 

.078 

4.15 

.324 

.09 

149 

11.7 

.103 

3.77 

.388 

.114 

’36 

34.0 

.119 

3.7 

.438 

.14 

133 

15.8 

.143 

3.55 

.509 

.165 

128 

18.3 

.175 

3.34 

.584 

.18 

120 

21.0 

3.08 

.62 

.225 

111 

22.3 

3.14 

.79 

.257 

113 

28  5 

.293 

3.16 

.93 

.258 

114 

33.5 

.344 

3.1 

1.03 

.261 

112 

37.1 

.406 

2.98 

1.21 

.39 

107 

43.6 

were  tested  in  air  at  a  pressure  of  3. 1  M Pa,  us-  THEORY  AND  CALCULATIONS 
mg  a  bomb,  l  he  reflection  was  not  measured,  Fhe 

reflection  coefficient  is  estimated  to  be  the  same  The  temperature  distribution,  T(r.t)  in  a 


for  all  samples,  about  0.7. 

Table  3  shows  the  result  of  the  experiments. 


homogeneous  solid  can  be  described  by  the  heat- 
flow  equation: 


TABLE  3 

Sensitiuity  of  some  common  HEs 


Explosive 

Pulse 

width 

(ms) 

Incident 

power 

(W) 

Energy 

density 

(J/cm*) 

RDX 

5 

11.2 

2.8 

HMX 

5 

11.2 

2.8 

PETN 

5 

12.3 

3.1 

Tetryl 

5 

16.9 

4.2 

HNS 

5 

29.0 

7.2 

TNT 

94 

22.2 

103 

Beam  radius:  0.8  mm;  Ini* sal  pressure:  3.1  MPa 


1  II'  —at  =  SSMn  e  ~Ea/RT 
x  at  a 

+  L  (t)  JL  e  _rI  1  e"oZ  <5> 

A 

The  first  term  on  the  right  hand  side  is  the  heat 
generation  due  to  the  exothermic  reaction  in  the 
explosive;  the  second  term  is  the  volumetric 
heating  caused  by  the  laser. 

We  are  not  interested  in  the  temperature 
distribution  itself,  but  in  expressing  the  critical 
ignition  energy  density.  rent,  the  time  to  ignition, 


476 


Powar  <M) 


Beam  Radiua  (***> 


When  co  >  >  \/^~  ,  Eq.  (6a)  may  be  written 

1  3T  _  d2T  =  I(t)  e-az  (7) 

x  3t  bz2  A 

We  want  to  determine  rent  as  a  function  of  I0(t) 
for  this  equation. 

Two  cases  maj  be  discerned: 

1.  Th,°  .'ulse  width  is  so  small  that  heat  con¬ 
duction  may  be  ignored, 

a"1  >  >  V^Tp  (8) 

which  gives  the  ignition  energy  as  (5) 
tent  =  eCpo-i  (Tj  _  To)  (9) 

implying  that 


Fig.  4.  Ignition  power  vs.  lose)  beam  radius  for 
Mg/NaNO.j 

Tj,  and  the  critical  ignition  power,  Pcrit*  in  terms 
of  l0(t),  QK0,  Ea,  a,  A,  co  and  T0.  To  do  this  we 
need  a  physical  condition  which  defines  ignition. 

Equation  (5)  cannot  be  solved  analytically  and 
since  a  numerical  solution  is  difficult  without  ap¬ 
proximately  known  initial  values,  only  a  few 
special  cases  will  be  treated  here.  However  they 
should  be  useful  for  obtaining  initial  values  for 
numerically  fitting  the  experimental  results  to  the 
general  theory,  as  well  as  letting  us  get  a  feeling 
about  the  ignition  process  and  what  we  are  ac¬ 
tually  doing  when  we  submit  an  explosive  sam¬ 
ple  to  a  laser  sensitivity  test. 

If  we  assume  that  ignition  occurs  at  a  constant 
temperature,  Tj,  and  that  the  sample  behaves  like 
a  chemically  inert  *  ibst  uice  for  temperatures  less 
than  the  ignition  temp-'rature,  we  arrive  at  a  sim¬ 
ple  model  where  £Crit  spends  only  on  l0(t),  T,, 
a,  A  and  co.  given  by  (be  system: 


-  — 1  —  AT  =  IQ(t>  e~oz  e  wl  1^*0 

x  c)t  A 

T  (  r  ,t)  =  T0t=  0  (6b/ 

21  _  0,  z  -<»  ,  t  >  0  (6c) 

dz 

1’,  =  const  (6d) 


£Crit  (t)  =  constant.  (10) 

2.  The  absorption  depth  is  small  in  relation  to  the 
thermal  diffusivity, 

0-1  <<  \^ 

i.e.  the  energy  is  absorbed  in  a  thin  surface  layer, 
this  gives  the  equation 

a>T  -  1  IT  =  0  (11) 

3z‘  x  3t 

with  the  boundary  condition 

—  A  3T  =  I0  (12) 

dz  z—o 

The  solution  of  which  is  (6) 

T(z,t)  =  T0  +  (21/1)  (xt)‘/2- 
ierfc  ((z/2(xt)l/J)|  (13) 

Tj  =  Max  (T(z,t)  ).  (14) 

This  leads  to 

Tj  =  T0  +  (2I(/A)  (xt/n)1/2.  (15) 

The  critical  ignition  energy  is  obtained  as 


EcritW  =(Ti’  T0)A  \f~*iK  \TT  (16) 
2 


The  steady  state  solution  of  Eq.  (6)  is  obtained 
as  (7) 


T  =  T0  +  Tmax  N(R,Z,W) 

T  = - — - 

max  2Acorc1/j 

R  =  r l(o,  Z  =  z/co,  W  =  aco 


(17) 

(18a) 

(18b) 


In  [7],  the  function,  N(R,Z,W)  can  be  found 
plotted  for  various  values  of  R,Z,W.  For  our 
purpose  we  need 


lim  N(0,0,W)  =  1, 

W  -  oo 


U9) 


which  leads  to  that  the  ignition  temperature  is 
given  by 

Tj  -  T0  +  —~P—  (20) 

2Ao)ii  '* 


For  wide  pulse  widths  with  a  Gaussian  inten¬ 
sity  distribution,  where  the  heat  is  absorbed  in 
a  narrow  surface  layer  and  then  flows  into  the 
interior  of  the  sample,  this  model  predicts  that 
the  critical  ignition  power  depends  only  on  the 
beam  radius  and  not  on  the  pulse  width: 

Peru  =  2Aco  \frT  (T,  -  T0)  (21) 


Applying  the  relation  to  the  experimental 
data  in  Fig.  4  enables  the  calculation  of  the  ig¬ 
nition  temperature: 

T,  =  691 K 


In  Fig.  5,  the  energy  density  data  from  Table 
2  is  plotted  as  a  function  of  the  pulse  width  in 
a  log-log  diagram.  For  narrow  pulse  widths,  the 
critical  ignition  energy  density  is  constant,  in 
accordance  with  the  theory  above,  £crit  =2.1 
J/cm.  The  optical  absorption  coefficient,  a,  can 
now  be  calculated  using  equation  and  the  above 
values  of  Tj  and  £crit;  a  =  3.1  ’  104m-1. 


Fig.  5.  Ignition  energy  density  us.  pulse  width 
for  Mg/NaNO-j 

The  approximate  solution  to  the  theory 
outlined  above  is  useful  for  getting  the  general 
behaviour  of  the  sensitivity  curve.  In  order  to 
estimate  the  kinetic  parameters,  Ea  and  QK0, 
another  and  more  detailed  approximation  (5),  in 
the  interval  Q,-1«  \/^~  «  is  given  by  the 
system: 

_l__ar_-  d*r  =  oQKo  _  (23) 

x  at  3z2  A  K(T+T0) 


ar 

dz 


2  =  0 


=  i 


o 


This  model  also  predicts  that  for  narrow  pulse 
widths,  where  heat  conduction  can  be  ignored, 
the  critical  ignition  energy  density  is  indepen¬ 
dent  of  the  pulse  width.  The  ignition  energy  den¬ 
sity  is  then  given  by: 

£cm  =  a-‘  Cp  (T,  -  Tc)  (22) 


T(r,t)  =T0,  t  =0 

pi  rp 

—  “*0,  z  -*  00 ,  t  >  0 

3z 

Introduce  the  ratio  between  absorbed  laser 
energy  and  chemical  energy  generated  by  the 
sample  as: 


478 


r=  (jZM) 

<jt  chem 


( c5T(0,t)  ~ 1 

dt  laser 


(24) 


and  define  a  characteristic  time  to  ignition,  T*, 
with  T  =1  when  t  =  t*.  The  relation  between 
T*  and  I0  may  then  be  written  as  (8) 


(r-)1/2exp  (— 

=  q1/2Ci0 
2QK0 


Ea/R 


(er*),/2I0+T0 


)  = 


(25) 


where 
1.26 


a= 


ApC 


(26) 


A  numerical  analysis  (8)  gives  a  good  approx¬ 
imation  of  Eq.  (25)  to 


r*  =  const  I0  M 


(27) 


Meat  flux  Den* I t y  ( ) 


Fig.  6.  Ignition  heat  flux  density  vs.  pulse 
width  for  Mg/NaN03 


or,  rewritten, 
ln(IJ= - — ln(T*)  +  A 

p 


Calculating  A  and  B  for  different  Ea  and  QK0 
and  comparing  those  values  with  the  ex- 
(28)  perimental  values  gives 


In  the  experiments  described  in  this  paper  the 
characteristic  time  to  ignition,  T*.  corresponds 
to  t*  =min(Tp,Ti)  which  is  equal  to  Tp  in  the 
given  interval. 

If  the  heat  flux  density,  I0.  from  Table  2  is 
plotted  as  a  function  of  the  time  to  ignition,  in 
a  log-log  diagram,  a  high  linearity  is  shown,  in 
the  interval  o_1  «\/>ct  «u>.  The  data  in  Table 
2  is  plotted  in  Fig.  6. 

A  least  square  fit  gives 
log  (I0)=A  +  B  log  (Tp)  (29) 

with  A  =  5.527  and  B  =  -0.5730. 

According  to  the  theory  outlined  above  it  is 
possible  to  write  the  connection  between  10  and 
Tp  as 

l°g<Io>=A(Ea,QK0)+B(Ea,QK0) •  log  (Tp)  (30) 


Ea=148  kJ/mol 
QKo=6.0  102<  J/kg  s 

with  Q=8.4  MJ/kg  (9)  we  obtain  K0=7.1  1017 
s~l. 


DISCUSSION 

Fig.  7  shows  schematically  the  ‘‘total-’  sensi¬ 
tivity  of  an  explosive.  £crit  is  the  critical  energy 
density  for  ignition,  Tp  is  the  duration  of  the 
energy  input 

For  short  enough  durations  of  energy  input, 
the  sensitivity  is  characterized  by  a  threshold 
ignition  energy  density  given  by  the  internal 
properties  of  the  explosive  (e.g.  thermal  conduc¬ 
tivity,  heat  capacity,  and  chemical  properties), 
and  independent  of  external  parameters  such  as 
the  shape  of  the  sample  and  the  structure  of  its 
immediate  surroundings. 
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Fig.  7.  Sensitivity  curves.  Each  curve  corre¬ 
sponds  to  a  given  radius  on  the  laser  beam 

When  the  duration  of  energy  input  is  long 
enough,  the  explosive  is  instead  characterized 
by  a  threshold  ignition  power,  Pcrit= const, 
which  is  dependent  on  both  the  internal  and  the 
external  parameters,  as  well  as  on  the  target 
size  of  the  energy  input. 

This  means  that  the  total  sensitivity  is 
characterized  by  a  series  of  curves,  £cril  = 
tcm(Tn.  to = const)  where  each  curve  corre¬ 
sponds  to  a  specific  area  of  energy  input, 

const. 

Conventional  sensitivity  tests  (e.g.  impact 
and  friction  tests)  represent  ony  a  specific  dura¬ 
tion  and  spe<  <fic  area  of  energy  input  and  hence 
do  not  give  as  much  information  as  a  laser  sen- 
sititivity  test  does. 

CONCLUSIONS 

The  laser  ignition  technique  is  believed  to  be 
useful  for  calibration  of  conventional  sensi¬ 
tivity  tests  as  well  as  for  risk  analysis  in 
practical  situations.  The  described  method  has 
the  advantage  of  making  it  possible  to  measure 
the  sensitivity  during  the  entire  time  span  of 
energy  input  and  of  enabling  the  study  of  the 
geometry  dependence  of  the  ignition  param¬ 
eters,  all  this  expressed  in  absolute  physical 
units. 

The  method  can  also  be  seen  as  a  first  step 
towards  relating  the  general  sensitivity  of  an  ex¬ 
plosive  to  its  chemical  and  physical  parameters. 
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COMMENTS 


MARTIN  SUMMERFIELD,  Princeton 
Combustion  Research  Laboratory 


Initiation  by  radiative  energy  has  been  tried 
and,  I  believe,  is  no  longer  used  to  characterize 
the  ignitabilty  of  solid  rocket  propellants.  The 
results  obtained  in  this  manner  are  generally 
quite  different  from  the  test  results  with  hot  gas 
ignition.  For  instance,  at  a  typical  energy  flux 
of,  say,  100  cal/cm2,  the  time  to  ignition  with  a 
laser  might  be  10  to  100  times  longer  than  for 
an  equipment  hot-gas  convective  flux.  The  lat¬ 
ter  represents  more  nearly  the  situation  in  a 
rocket  and  is  therefore  the  preferred  test 
method.  A  similar  large  discrepancy  exists  also 
for  such  quantities  as  minimum  ignition  energy. 
There  are  several  physical  and  chemical  pro¬ 
cesses  that  stretch  out  the  radiative  ignition 
process: 

1.  Due  i?  finite  absorptivity  of  the  solid  (even 
if  it  io,.':s  opaque  to  the  eye)  the  radiative 
energy  doe^  not  stop  at  the  surface,  as  it 
does  with  hot  gas  flux. 

2.  Since  the  mechanism  of  ignition  or  initiation 
includes  exothermic  reaction  at  or  near  the 
gas-solid  interface,  t  he  fact  that  the  gas  ad¬ 
jacent  to  the  surface-  is  cold  in  the  radiative 
experiment,  not  hot  as  in  the  convective  ex¬ 
periment,  makes  the  exothermic  process 
slower  and  weaker. 

3.  Part  of  the  >'ncident  radiative  flux  is  in¬ 
evitably  reflected  and  does  not  heat  the  solid. 
This  could  be  measured,  but  in  such  tests, 
it  usually  is  not. 
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MICROWAVE  INTERFEROMETER  TECHNIQUES  FOR  DETONATION  STUDY* 

P.  L.  Stanton,  E.  L.  Venturini,  and  R.  W.  Dietzel 

Sandia  National  Laboratories* 

Albuquerque,  NM,  USA 


Techniques  have  been  developed  to  improve  resolution  in  microwave 
interferometry  of  detonating  explosives.  Unwanted  reflections  in  the 
measurement  arm  of  the  interferometer  result  in  phase  distortion  of 
the  recorded  signal.  By  using  tuning  techniques,  unwanted  reflec¬ 
tions  can  be  virtually  eliminated,  and  phase  distortion  is  minimized, 
for  some  experimental  conditions.  The  use  of  a  quadrature  detector 
and  an  intensity  monitor  also  improve  the  resolution  of  the  in¬ 
terferometer.  Data  obtained  in  several  detonation  experiments  are 
presented  and  interpreted. 


INTRODUCTION 

In  the  study  of  detonation  waves,  most  ex¬ 
perimental  techniques  involve  an  intrusive 
measurement  which  may  disturb  the  progress 
of  the  reaction  and  introduce  errors  in  the 
measurement  itself.  Microwave  radiation  is  pro¬ 
pagated  readily  through  most  explosive 
materials  with  almost  no  interaction.  And, 
because  microwaves  reflect  from  a  conductive 
region  such  as  the  reaction  zone,  they  may  be 
used  in  a  simple  interferometer  to  determine  the 
instantaneous  position  of  the  detonation  wave. 
In  this  paper  we  present  a  scheme  for  obtain¬ 
ing  high  resolution  microwave  interferometric 
data  from  a  reacting  explosive. 

Previous  investigators  (1-8)  have  demon¬ 
strated  the  use  of  microwave  interferometry  in 
the  study  of  propellant  burn  and  of  detonation 
of  high  explosives.  In  the  case  of  burning  pro¬ 
pellants,  the  reaction  rate  is  slow  and  variations 
in  the  rate  are  of  greatest  interest.  Special 
techniques  were  developed  by  previous  in¬ 
vestigators  to  monitor  the  slow  propellant  burn 
rates.  Prior  work  revealed  that  phase  distortion 
is  generally  present  in  a  detonating  explosive 
experiment.  Because  the  wavelength  at  micro- 
wave  frequency  is  relatively  long  (1  to  30  mm), 
distortion  of  the  recorded  waveform  introduces 
errors  in  the  final  answer  which  are  often  un¬ 


acceptable  for  quantitative  measurements.  The 
distortion  problem  is  even  more  exaggerated 
when  the  displacement-time  history  must  be  dif¬ 
ferentiated  to  obtain  velocity  information. 

In  this  paper  we  present  the  results  of  an  in¬ 
vestigation  of  the  problem  of  limited  resolution. 
A  solution  is  offered  for  simple  detonation  con¬ 
figurations.  The  solution  involves  1)  tuning 
methods  to  minimize  phase  distortion,  2) 
quadrature  detection  to  improve  resolution  at 
all  times  in  the  fringe  cycle,  and  3)  a  method  for 
cancellation  of  cross-talk  from  the  reference  leg 
to  the  data  leg  of  the  interferometer.  We  have 
developed  three  different  microwave  systems: 
X-band  (10.6  GHz),  Ka-band  (35  GHz),  and  W- 
band  (91  GHz).  At  the  higher  frequencies,  the 
shorter  wavelengths  tend  to  permit  higher 
resolution,  However,  because  greater  complex¬ 
ity  is  involved  in  the  W-band  system,  tuning 
and  quadrature  detection  are  not  yet  commer¬ 
cially  available.  In  this  report  experimental 
results  are  presented  using  the  X-band  in¬ 
terferometer  for  a  variety  of  detonating  systems 
and  their  interpretation  is  discussed. 

BACKGROUND 

The  first  study  of  microwave  reflection  from 
a  detonation  was  by  Koch  in  1953  ;1).  He  used 
a  klystron  microwave  source  operating  at  2 
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GHz  to  observe  a  detonation  in  a  1:1  mixture 
of  TNT  and  RDX,  recording  the  difference  fre¬ 
quency  between  the  transmitted  and  reflected 
microwaves.  His  result  was  a  detonation  veloci¬ 
ty  of  7994  m/s  which  was  3.5%  above  the  ac¬ 
cepted  value  of  7700  m/s.  In  1954  Cook,  Doran 
and  Morris  (2)  discussed  microwave  reflection 
from  a  detonation  in  four  solid  explosives,  TNT, 
50/50  Pentolite,  50/50  Amatol  and  80/20 
Tritonal.  Their  microwave  interferometer 
employed  a  klystron  at  9.415  GHz,  a  horn 
antenna  to  transmit  and  receive  the  reflected 
signal,  and  unconfined  cast  cylindrical  bars  of 
solid  explosive.  The  detonation  wave  direction 
coincided  with  the  incoming  microwave  beam, 
'hieir  detonation  velocity  measurements  dif¬ 
fered  from  pin  oscillograph  results  by  between 
0.3%  for  TNT  to  nearly  6%  for  Pentolite.  The 
difference  frequency  waveforms  are  complex, 
and  they  attribute  this  to  the  excitation  of 
multiple  microwave  propagation  modes  in  the 
cylindrical  explosive  charge. 

The  results  in  the  two  papers  above  are 
criticized  by  Farrands  and  Cawsey  (3)  and 
Cawsey,  Farrands  and  Thomas  (4)  who  observe 
that  microwave  reflection  from  an  unconfined 
explosive  occurs  partially  from  the  detonation 
front  and  partially  from  the  ionized  detonation 
products  expanding  laterally  from  the  sides  of 
the  charge,  since  part  of  the  microwave  energy 
propagates  outside  the  unreacted  explosive. 
This  severly  complicates  the  analysis  of  detona¬ 
tion  velocities  from  the  difference  frequency. 
Farrands  and  Cawsey  (3)  use  a  klystron  at  34.50 
GHz,  and  their  tetryl  explosive  charge  fills  a 
brass  cylinder  with  a  15.2  mm  outside  diameter, 
3.96  mm  inside  diameter,  50.8  mm  long.  The 
microwaves  are  guided  over  the  entire  forward 
and  return  path,  and  are  coupled  from  the  rec¬ 
tangular  Ka-band  waveguide  into  the  tetryl- 
filled  brass  cylinder  through  a  Teflon  window. 
They  suggest  several  experiments  made  possi¬ 
ble  by  confining  the  explosive  and  the 
microwaves  in  a  common  guide,  including  the 
observation  of  variations  in  detonation  veloci¬ 
ty  due  to  explosive  density,  diameter  or  confine¬ 
ment,  the  observation  of  contact  transmission 
of  a  detonation,  or  the  observation  of  instabili¬ 
ty  in  the  detonation  front. 

These  ideas  are  explored  by  Cawsey,  Fai- 
rands  and  Thomas  (4)  who  discuss  the  detona¬ 
tion  velocity  in  tetryl  as  a  function  of  density, 


and  the  observation  of  growth  to  detonation 
with  microwaves.  They  point  out  that  their  3.96 
mm  diameter  cylindrical  brass  waveguide  fill¬ 
ed  with  tetryl  propagates  only  the  lowest 
microwave  mode  at  34.5  GHz  for  all  densities 
of  explosive  used.  This  simplifies  the  analysis 
of  the  interferometer  waveform  considerably.  A 
primary  source  of  error  in  microwave  in¬ 
terferometry  is  the  presence  of  unwanted  reflec¬ 
tions  at  any  point  between  the  detector  and  the 
moving  reflector  (in  this  case  the  detonation 
wave).  They  show  the  dramatic  improvement  in 
the  fringe  pattern  after  using  a  stub  tuner  in 
the  signal  arm  of  the  interferometer  to  minimize 
unwanted  reflections.  This  permits  much  bet¬ 
ter  spatial  resolution  of  the  deconation  front 
position  from  the  fringe  pattern. 

To  convert  the  measured  microwave  fringe 
pattern  to  a  displacement  of  the  reflecting  front 
versus  time,  the  microwave  wavelength  in  the 
explosive-filled  guide  must  be  accurately 
known.  If  the  guide  dimensions  are  detei  mined, 
only  the  dielectric  constant  of  the  explosive  at 
the  measurement  frequency  is  required. 
Cawsey,  Farrands  and  Thomas  (4)  report  the 
dielectric  constant  at  34.5  GHz  for  granulated 
tetryl,  crystalline  tetryl,  ground  TNT, 
crystalline  TNT,  crystalline  PETN,  50/50 
tetryl/PETN,  and  90/10  RDX'paraffin  for  nine 
packing  densities  from  0.9  to  1.7  Mg/m3.  The 
dielectric  constants  range  from  a  low  of  1.891 
to  a  high  of  3.539. 

With  this  information  they  measured  detona¬ 
tion  velocities  in  cylindrical  columns  of  tetryl 
pressed  to  various  densities  between  1.3  and  1.6 
Mg/m3,  and  obtained  a  linear  increase  in  veloci¬ 
ty  with  increasing  density.  They  also  observed 
detonation  transfer  from  a  column  partially  fill¬ 
ed  with  low  density  tetryl  into  the  remainder 
filled  with  a  higher  density  tetryl.  Finally,  they 
initiated  a  burn  in  six  columns  of  tetryl  press¬ 
ed  to  different  densities  from  1.31  to  1.38 
Mg/m3.  In  each  case  they  recorded  a  burn 
velocity  near  2  km/s  for  the  first  15  to  20  mm, 
followed  by  a  transition  to  detonation  velocity 
above  6  km/s.  The  transition  typically  occurred 
over  a  distance  of  5  mm. 

At  the  4th  International  Symposium  on 
Detonation  in  1965  Johnson  (5)  discussed  a 
microwave  interferometer  for  studying  explo¬ 
sives  which  employs  an  expendable  dielectric 
rod  as  a  waveguide  to  couple  the  microwave 
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signal  into  a  cylindrical  explosive  charge.  This 
technique  was  used  to  study  growth  to  detona¬ 
tion  in  25.4  mm  diameter  charges  of  Composi¬ 
tion  C-4,  50.8  mm  diameter  charges  of  am¬ 
monium  perchlorate  confined  in  glass,  and  50.8 
mm  diameter  charges  of  pentolite.  The  charges 
were  divided  into  a  short  donor  charge  and  a 
longer  acceptor  charge  separated  by  a  card  gap 
which  was  a  disk  of  Plexiglas  of  various 
thicknesses.  Growth  to  detonation  in  the  am¬ 
monium  perchlorate  was  studied  using  a 
klystron  at  a  frequency  of  9.903  GHz. 

The  cylindrical  explosive  acted  as  a  dielectric 
waveguide,  and  several  modes  could  propagate, 
leading  to  a  modulated  fringe  pattern.  This  pat¬ 
tern  was  obtained  by  mixing  the  signal  reflected 
from  the  detonation  front  with  other  signals 
generated  by  fixed  reflections  in  the  transmis¬ 
sion  path.  Hence  the  fringe  pattern  consisted 
of  distorted  waves.  The  microwave  wavelength 
in  the  explosive  was  calculated  by  measuring 
the  number  of  wavelengths  in  the  fringe  pattern 
produced  by  a  detonation  moving  through  a 
charge  of  known  length.  Growth  to  detonation 
was  studied  for  an  ammonium  perchlorate 
charge  with  no  card  gap  and  three  different 
Plexiglas  gaps.  A  separate  set  of  experiments 
used  a  microwave  source  at  24  GHz  to  observe 
growth  to  detonation  in  Composition  C-4  press¬ 
ed  to  1.59  Mg/m3  with  several  card  gaps. 
Similar  data  were  obtained  at  20  GHz  for  (50/50) 
pentolite  charges  with  various  gaps. 

Strand  and  coworkers  (6,7)  have  developed  a 
microwave  interferometer  to  measure  regres¬ 
sion  rates  in  solid  propellants  during  rapid 
pressure  transients.  The  klystron  for  these  ex¬ 
periments  operated  near  10  GHz,  and  an  E-H 
tuner  was  employed  in  the  signal  path  to 
minimize  unwanted  reflections.  Since  the  pro¬ 
pellant  burn  rate  is  between  1  and  100  mnv's, 
a  network  analyzer  can  be  used  to  compare 
reflected  and  transmitted  signals,  rather  than 
the  conventional  mixer  diode.  The  microwave 
system  yielded  high  spatial  and  time  resolution, 
but  the  results  were  hampered  by  inadequate 
knowledge  of  the  free  electron  concentrations 
in  the  propellant  flame  zones  which  produce  the 
reflected  microwave  signal.  Russell  (8)  devel¬ 
oped  a  similar  system  to  study  burning  pro¬ 
pellants  with  particular  attention  to  the  model 
of  the  burn  region  and  the  elimination  of  un¬ 
wanted  reflections  in  the  microwave  signal  path. 


THEORY  OF  OPERATION 

In  the  classical  model  for  a  plane  detonation 
wave  in  an  explosive  shown  in  Fig.  1,  a  shock 
wave  precedes  the  reaction  and  compresses  the 
material  to  the  von  Neumann  spike  pressure. 
The  pressure  decays  during  the  reaction  to  the 
Chapman-Jouguet  (C-J)  pressure  at  the  end  of 
the  reaction  zone.  The  reaction  zone  thickness 
has  been  measured  by  other  investigators  and 
is  found  to  vary  between  a  few  tenths  of  a 
millimeter  for  TNT  and  a  few  millimeters  for 
TATB-based  explosives  (9).  The  reaction  zone 
thickness  has  also  been  shown  to  decrease  as 
tl  e  loading  density  of  an  explosive  powder  is 
increased  (9,10).  In  the  reaction  zone  the  ex¬ 
plosive  is  converted  from  its  unreacted  state  to 
a  hot  plasma  of  gaseous  reaction  products.  The 
plasma  region  is  highly  conductive  (11)  and  is 
therefore  a  good  reflector  of  microwaves. 

A  brief  discussion  of  the  reflection  of  the 
microwave  signal  by  the  detonation  wave  clari¬ 
fies  what  is  measured  in  these  experiments.  At 
the  shock  front  shown  in  Fig.  1  the  compression 
of  the  unreacted  explosive  by  the  von  Neumann 
spike  pressure  produces  a  higher  dielectric  con¬ 
stant  behind  the  shock.  This  propagating  dielec¬ 
tric  discontinuity  results  in  a  small  reflection 
of  the  microwave  signal,  but  most  of  the 
microwave  energy  continues  into  the  reaction 
zone.  The  microwave  electric  field  is  transverse 
to  the  propagation  direction  in  the  waveguide, 
and  the  equations  for  transverse  electro¬ 
magnetic  wave  interactions  with  an  isotropic 
plasma  can  be  applied.  The  dielectric  constant 
£p  in  the  plasma  is  given  by  (12): 

Cp  =  £0  1  1_  w2  (1-i/wTj  1  U) 

where  t0  is  the  permittivity  of  free  space,  o>e  is 
the  plasma  resonance  frequency  for  the  elec¬ 
trons,  a)  is  the  frequency  of  the  microwaves,  and 
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Fig.  1.  Classical  detonation  wave  model  The 
fraction  of  explosive  reacted  increases  with 
distance  through  the  reaction  zone  thickness. 
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re  is  the  electron  collision  time  in  the  plasma. 
o)e  is  determined  by  the  electron  density  Nc, 
mass  me  and  charge  e: 

coe  =  e  [Ne/£0me] 1/2  (2) 

When  co  >  coe,  the  real  part  of  £p  (Eq.  (1)  >  is 
greater  than  zero,  and  microw?”e  propagation 
is  allowed.  As  coe  approaches  co,  the  imaginary 
part  of  £p  (representing  microwave  absorption) 
becomes  significant.  At  the  shock  front  shown 
in  Fig.  1  the  electron  density  is  small  and  the 
plasma  frequency  coe  in  Eq.  (2)  is  much  less 
than  the  experimental  frequency  co.  Hence  the 
microwaves  propagate  with  negligible  loss  in¬ 
to  the  reaction  zone.  As  the  electron  density  Ne 
increases,  coe  approaches  co,  and  the  microwave 
loss  rises  substantially.  At  the  C-J  point  the 
electron  density  Ne  is  between  1021  and  1022 
per  cm3  which  gives  a  plasma  frequency  near 
10la  Hz  from  Eq.  (2).  The  microwaves  are 
reflected  at  some  point  within  the  reaction  zone 
when  cog  exceeds  co.  Since  the  estimated  coe  at 
the  C-J  point  is  4  orders  of  magnitude  greater 
than  co,  the  reflection  occurs  very  near  the  front 
of  the  reaction  zone  (within  the  first  few  microns 
(4) ).  Hence  the  microwave  phase  is  not  sensitive 
to  temporal  evolution  of  the  reaction  zone.  The 
microwave  loss  near  the  reflection  point 
depends  on  the  gradient  of  the  electron  density 
at  that  point  (related  to  the  length  of  the  reac¬ 
tion  zone)  and  the  electron  collision  time  t0  near 
the  reflection  point. 

As  the  plasma  propagates  at  the  detonation 
velocity,  the  microwave  path  length  changes. 
This  results  in  a  Doppler  shift  given  by: 

fd  =  2D*  /  kg  (3) 

where  D*  is  the  wave  velocity  of  the  reflecting 
plasma  front  and  A,,  is  the  microwave  wave¬ 
length  in  the  explosive-filled  waveguide.  Dop¬ 
pler  frequencies  on  the  order  of  1  MHz  are 
obtained  in  the  present  X-band  experiments. 

The  guide  wavelength  Ap  for  the  transverse- 
electric-field  propagating  mode  (TEinnj  is  given 
by: 


where  t  is  the  relative  dielectric  constant  of  the 
unreacted  explosive,  f  is  the  microwave  frequen- 
c'-,  c  the  velocity  of  light  in  vacuum,  a  the  width 
of  the  waveguide,  b  the  height,  and  m,r,  a.v 


integers.  At  10.6  GHz  the  wavelength  in  air- 
filled,  X-band  waveguide  (22.9x10.2mm)  is 
about  3.6  cm  for  the  TE10  mode,  and  no  other 
modes  will  propagate  because  they  are  below 
their  cut-off  frequencies.  When  an  explosive 
sample  is  inserted  into  the  guide,  the 
wavelength  is  decreased  to  about  2  cn.  (for  a 
typical  explosive),  and  two  of  the  higher-order 
modes  will  propagate.  Significant  microwave 
energy  is  not  coupled  to  higher-order  modes 
unless  the  reflecting  plasma  front  is  asymmetric 
with  respect  to  the  waveguide  cross  section.  A 
transition  to  smaller  size  explosive-filled 
waveguide  can  be  employed  to  eliminate  higher 
order  modes.  The  dielectric  constant  of  the 
materials  used  including  the  explosives  is 
measured  to  an  accuracy  of  about  one  percent 
in  a  separate  cavity  resonance  measurement. 

MICROWAVE  CIRCUIT 

The  interferometer  circuit  is  shown  schema¬ 
tically  in  Fig.  2.  The  microwave  source  is  a 
Gunn  diode  operated  at  10.6  GHz.  The  main 
beam  is  conducted  to  the  explosive  sample 
through  a  four-port  circulator.  The  reflected 
energy  is  routed  by  the  circulator  to  the 
quadrature  intermediate  frequency  (Q1F)  detec¬ 
tor.  Part  of  the  source  signal  is  fed  to  the 
reference  input  of  the  QIF  detector.  The  Q1F 
has  two  output  signals  in  quadrature,  referred 
to  as  Data  1  and  Data  2.  Part  of  the  reflected 
signal  is  fed  to  a  simple  diode  detector  which 
serves  as  on  intensity  monitor  for  the  return 
signal.  Isolators  ore  used  in  the  circuit  to  pre¬ 
vent  unwanted  internal  reflections,  and  at¬ 
tenuators  are  used  to  reduce  the  signal  to  the 
proper  operational  level  for  the  detectors.  A 
phase  shifter  is  used  to  set  the  initial  phase. 

The  interferometer  is  designed  to  permit 
measurement  of  the  instantaneous  phase  of  the 
Doppler  signal.  Because  the  signal  is 
sinusoidual  in  nature,  sensitivity  to  changes  in 
position  varies  cosinusoidually.  The  quadrature 
signals  are  used  in  a  method  analogous  to  the 
V1SAR  (13)  laser  interferometer  system.  Since 
the  two  detector  signals  are  90°  out  of  phase, 
one  signal  is  always  in  a  relatively  sensitive 
range.  Furthermore,  the  quadrature  signal 
removes  the  ambiguity  of  the  interference 
signal  at  the  maximum  and  minimum  points, 
where  reflection  front  reversals  in  direction  of 
motion  could  occur  without  detection. 
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Fig.  2.  10-GHz  microwave  interferometer  schematic 


The  four-port  circulator  routes  the  source 
signal  to  the  device  and  routes  the  reflected 
signal  to  the  intensity  monitor  and  QIF, 
However,  a  certain  amount  of  ’cross  talk'  ref¬ 
erence  signal  is  coupled  from  port  1  to  port  3. 
This  signal  mixes  with  the  Doppler-shifted  sig¬ 
nal  and  produces  unwanted  interference  in  the 
intensity  monitor.  To  cancel  the  cross-talk  sig¬ 
nal,  part  of  the  source  signal  is  taken  from  the 
source  leg  and,  after  attenuation  and  phase- 
shifting,  is  mixed  w.th  ,he  signal  coming  out  of 
port  3. 

Unwanted  reflections  in  the  measurement  leg 
of  the  interferometer  can  cause  distortion  of  the 
data.  Unwanted  reflections  can  occur  any  place 
where  a  discontinuity  exists  in  the  dielectric 


properties  of  the  waveguide.  Changes  in  guide 
dimensions,  flange  couplings,  and  microwave 
components  all  represent  sources  for  unwanted 
internal  reflections.  In  a  single  frequency 
system,  these  reflections  simply  produce  stand¬ 
ing  waves  and  reduce  the  efficiency  of  energy 
transmission.  In  the  measurement  leg  of  an  in¬ 
terferometer,  an  unwanted  partial  reflection  of 
the  Doppler-shifted  signal  sends  the  higher  fre¬ 
quency  signal  bacK  to  the  moving  reflector, 
where  it  is  Doppler-shifted  for  a  second  time, 
and  a  third,  and  so  on.  The  combination  of  the 
primary  Doppler-  shifted  signal  with  second-  and 
higher-order  harmonics  results  in  harmonic 
distortion  in  the  detector  output.  A  microwave 
tuner  is  used  to  cancel  the  effect  of  unwanted 
reflections  in  the  measurement  leg.  The  tuner 
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is  adjusted  to  produce  an  additional  reflection 
equal  in  amplitude  and  opposite  in  phase  to  the 
vector  sum  of  all  other  unwanted  reflections  in 
the  portion  of  the  circuit  being  tuned,  n.  net¬ 
work  analyzer  is  used  while  adjusting  the  tuner 
to  determine  when  the  system  is  properly  tun¬ 
ed.  The  analyzer  is  connected  into  the  circuit  in 
place  of  the  explosive  sample  section  of 
waveguide.  Thus  tuning  is  accomplished  for  the 
entire  circuit  except  for  the  explosive  sample 
section. 

EXPERIMENTAL  TECHNIQUE  AND 
DATA  ANALYSIS 

The  explosive  is  enclosed  in  waveguide  (Fig. 
3)  in  order  to  control  the  microwave  propaga¬ 
tion  modes  and  the  wavelength  of  the  micro- 
waves  in  the  sample  at  the  plane  of  reflection. 
This  technique  eliminates  problems  encoun¬ 
tered  when  some  microwave  energy  propagates 
outside  the  explosive.  Rectangular  waveguide 
is  used  to  obtain  the  most  clearly  defined 
wavelength,  although  some  experiments  have 
been  conducted  with  circular  guide.  To  prevent 
dam  ,ge  to  the  sensitive  microwave  components 
(luring  a  detonation,  a  section  of  semi-rigid 
coaxial  cable  is  used  to  connect  the  explosive 
sample  section  to  the  interferometer. 


WAVEOUIOE  TO  COAX  EXPlOSIVE 

AOAPTEB  PIANEWAVE 

l£NS 

Fig.  .?  Typical  experimental  device  configur¬ 
ation 

In  most  cases,  a  detonator  and  plane-wave 
lens  are  used  to  initiate  a  planar  detonation  in 
the  sample.  A  thin  aluminum  foil  is  placed  bet¬ 
ween  the  lens  and  the  sample  to  serve  as  a 
reflector  for  the  microwave  signal  prior  to  the 
arrival  of  the  detonation  front.  A  wedge  at  the 
other  end  of  the  explosive  provides  a  gradual 
dielectric  transition  into  the  air-filled  portion  of 
the  guide.  This  wedge  is  either  made  of  Teflon 
or  cut  on  the  explosive  itself  and  serves  to 
minimize  reflection  of  the  microwaves  due  to  the 
dielectric  mismatch. 


The  interferometer  produces  two  quadrature 
signals  which  indicate  the  phase  of  the  reflected 
signal  relative  to  the  source  reference.  These 
two  signals,  called  DI  and  DII,  are  used  to  com¬ 
pute  the  displacement  of  the  reflector  in  the 
relationship 

x,H  =  it  [arctan(-§ia-)  -  W  (5, 

where  Ag  is  the  wavelength  in  the  guide  at  the 
position  of  the  reflector  and  j>0  is  the  initial 
phase. 

EXPERIMENTAL  RESULTS 

A  variety  of  successful  experiments  have 
been  conducted  using  the  improved  microwave 
interferometric  techniques.  The  results  are  in 
agreement  with  data  obtained  by  conventional 
means.  Some  of  the  results  provide  new  insight 
into  the  behavior  of  detonating  explosives  and 
are  discussed  as  follows. 

Simple  Detonation  —  A  planar  detonation  of 
a  homogeneous  explosive  in  a  constant  cross- 
section  waveguide  provides  a  simple  check  on 
the  interferometric  technique.  Representative 
data  obtained  from  a  PBX-9404  experiment  are 
shown  in  Fig.  4.  The  two  quadrature  signals  are 
sinusoidual  in  shape,  indicative  of  the  extent  to 
which  the  system  has  been  tuned  to  eliminate 
unwanted  microwave  reflections.  Using  our 
measured  value  for  t  of  3.315  for  PBX-9404  at 
10.6  GHz  in  Eq.  (4)  and  (5)  the  quadrat  are 
signals  yield  the  displacement  time  histories  at 
the  top  of  Fig.  4.  The  slope  of  the  displacement 
curve  indicates  an  average  velocity  of  detona¬ 
tion  of  8.98  km/s  which  is  about  two  per  cent 
above  the  published  value  of  8.80  km/s  (9).  This 
descrepancy  is  apparently  due  to  an  error  in  the 
measurement  of  the  dielectric  constant  of  the 
unreacted  PBX-9404.  The  resulting  displace¬ 
ment  history  shown  includes  the  air  shock  in  the 
guide  subsequent  to  the  detonation. 

The  small  ripple  on  the  intensity  monitor 
record  during  detonation  indicates  a  slight  mis¬ 
match  at  the  explosive  wedge  interface.  There 
is  also  a  gradual  increase  in  intensity  with  time 
during  detonation.  This  intensity  variation  is  at¬ 
tributed  to  the  decrease  with  time  of  the  length 
of  unreacted  material  through  which  the  micro- 
wave  signal  must  propagate.  Thus,  the  explo¬ 
sive  material  is  somewhat  lossy  as  a  dielectric 
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Fig.  4.  Composite  results  from  detonation  of 
PBX-9404  explosive  column.  Datal,  Data 2,  and 
Intensity  are  recorded  waveforms.  The  displace¬ 
ment  curve  is  computed  using  Eq.  5.  P-13  is  ex¬ 
plosive  plane  wave  generator,  1.3  inch  diameter. 
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Fig.  5.  Detonation  transfer  experiment.  Com¬ 
position  C-4  overdrives  low-density  PETN/ glass 
microballoon  mixture. 


at  microwave  frequencies. 

Detonation  Transfer  —  Experiments  have 
been  conducted  in  which  the  explosive  in  Fig. 
3  is  replaced  with  two  samples  end-to-end  hav¬ 
ing  different  detonation  velocities.  Interpreta¬ 
tion  of  the  results  becomes  more  complicated 
in  these  cases,  because  the  dielectric  constant 
is  different  in  each  explosive  and  thus  the 
wavelength  is  different.  The  parameter  s  at  the 
plane  of  reflection  determine  the  wavelength  for 
use  in  Eq.  5  for  computation  of  displacement. 

To  produce  an  overdriven  detonation,  an  ex¬ 
periment  was  conducted  in  which  the  first  ex¬ 
plosive  was  Composition  C-4  and  the  second 
was  a  low-density  mixture  of  PETN  and  glass 
microballoons.  A  PMMA  wedge  is  inserted  at 
the  end  of  the  explosive  train  to  provide 
microwave  impedance  matching. 

Results  of  this  experiment  are  shown  in  Fig. 
5.  The  first  portion  of  this  record  shows  that  the 
Composition  C'-4  explosive  with  a  dielectric  con¬ 
stant  of  3.59  detonated  with  a  uniform  veloci¬ 
ty.  When  the  detonation  wave  reached  the  in¬ 
terface  with  the  PETN,  a  transition  occcurred 
in  the  microwave  interference  signal.  The  low- 
density  PETN/glass  microbulloon  mixture  has 
a  dielectric  constant  of  1.41.  Following  the  tran¬ 
sition,  the  detonation  velocity  decreases  in 
dicating  a  period  of  over  driven  detonation.  The 
signal  amplitude  also  decreases,  indicating  an 
increasing  thickness  of  the  reaction  zone.  The 
large  dielectric  mismatch  at  the  C4-PETN  in¬ 
terface  produces  the  ripple  in  the  intensity 
monitor  and  the  distorted  sine  waves  in  the  C4 
portion  of  the  fringe  data. 


Fig  6.  DDT  experiment  using  HMX  explosive 
at  density  1.2 


DDT  —  A  few  experiments  have  been  con¬ 
ducted  to  study  the  deflagration-to-detonation 
transition  in  porous  granular  explosives.  The  ex¬ 
perimental  configuration  is  similar  to  Fig.  3  ex¬ 
cept  that  a  pyrotechnic  ignitor  is  used,  and  the 
waveguide  was  bolstered  by  heavy  steel  plate 
on  all  sides  to  provide  the  necessary  confine¬ 
ment  for  growth  to  detonation.  A  representative 
result  obtained  from  HMX  explosive  at  1.2  den¬ 
sity  is  shown  in  Fig.  6.  The  dielectric  constant 
for  this  explosive  is  2.21.  The  intensity  of  the 
return  signal  falls  to  a  low  level  after  about  40 
microseconds,  indicative  of  strong  microwave 
absorption  in  the  burning  explosive.  The  in¬ 
terference  fringes  undergo  several  oscillations 
during  this  time,  but  interpretation  of  the 
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Fig.  7.  PBX-9404  gap  test  experiment  using  15 
mm  PMMA  barrier 


oscillations  in  terms  of  displacement  is  impossi¬ 
ble.  An  abrupt  transition  to  detonation  occurs 
at  about  85  microseconds.  Even  though  displace¬ 
ment  information  is  lost  during  the  deflagration 
phase,  the  point  of  transition  can  be  located  by 
counting  fringes  back  from  the  terminal  end  of 
the  signal.  In  this  experiment,  the  transition  oc¬ 
curred  after  about  5  cm  of  deflagration. 

Gap  Test  —  Finally,  a  series  of  experiments 
was  conducted  t<  observe  shock  growth  to 
detonation  in  a  simulation  of  the  traditional 
card  gap  test.  The  donor  and  acceptor  are  each 
50.8  mm  columns  of  PBX-9404.  The  gap  is  fill¬ 
ed  with  PMMA  of  various  thicknesses.  It  was 
found  that  a  gap  of  about  15  mm  produced  a 
significant  delay  in  initiation  in  the  acceptor. 
The  results  from  a  15  mm  gap  test  are  shown 
in  Fig.  7.  During  the  detonation  of  the  donor  col¬ 
umn.  a  distorted  but  uniform  fringe  pattern  is 
produced.  The  distortion  is  attributable  to  the 
internal  reflection  of  the  microwave  signal  at 
the  PMM A/explosive  interface,  resulting  in 
phase  distortion.  The  intensity  of  the  reflected 
microwave  signal  decreases  as  the  shock 
traverses  the  gap  and  enters  the  acceptor  col¬ 
umn,  Again,  the  low  intensity  is  attributed  to 
an  extended  reaction  zone  as  the  pre-detonation 
reaction  proceeds  in  the  acceptor  column.  Final¬ 
ly,  the  acceptor  breaks  into  detonation  which 
propagates  to  the  end  of  the  column.  Lower  rip¬ 
ple  and  less  distortion  are  present  in  the  ac¬ 
ceptor  column  because  fewer  untuned  '■.as- 


matches  are  present  in  the  remaining  portion 
of  the  guide. 

DISCUSSION 

The  various  experiments  discussed  above  are 
representative  applications  of  microwave  in¬ 
terferometry  to  the  study  of  detonation.  They 
illustrate  that  the  interferometer  can  be  used 
to  evaluate  the  performance  of  detonating 
devices  and  to  study  basic  detonation  phe¬ 
nomena.  The  most  intriguing  aspect  of  micro- 
wave  interferometry  for  detonation  study  is  the 
fact  that  the  microwaves  propagate  in  the  ex¬ 
plosive  and  provide  a  continuous,  non-intrusive, 
in  situ  probe  of  the  reaction  front. 

The  microwave  interferometer  described  here 
has  certain  fundamental  limitations  which  lie  in 
the  areas  of  resolution,  size/wavelength  con¬ 
siderations,  and  measurement  accuracy.  In  this 
study  we  have  attempted  to  maximize  the  reso¬ 
lution  of  the  interferometer  by  tuning  tech¬ 
niques.  In  a  perfectly  tuned  system,  the  resolu¬ 
tion  should  be  limited  only  by  the  recording 
equipment.  Practically  speaking,  resolution  of 
the  order  of  one  per  cent  of  the  wavelength 
should  be  achievable  in  a  well-tuned  system. 
The  experiments  show,  however,  that  tuning  is 
not  always  possible,  to  the  extent  desired. 

Microwave  propagation  characteristics  must 
be  considered  when  planning  an  experiment, 
and  the  frequency  used  must  be  sufficiently 
high  to  propagate  in  the  device,  but  not  so  high 
that  higher  modes  propagate  in  the  region  of  in¬ 
terest.  (Higher  modes  can  propagate  in  the  ex¬ 
periments  described  above  and  are  a  potential 
source  of  error  in  the  resulting  data.)  Rec¬ 
tangular  geometry  is  preferable  in  this  regard, 
but  circular  geometry  can  be  used.  The  higher 
modes  generally  will  be  present  in  circular  guide 
geometries. 

If  independent  measurements  of  displace¬ 
ment  and  velocity  are  to  be  made,  the  dielectric 
properties  of  the  explosive  material  must  be  ac¬ 
curately  measured  at  the  specified  frequency. 
Otherwise,  the  dielectric  constant  must  be  in¬ 
ferred  from  a  known  sample  length  and  an 
observed  fringe  count. 

CONCLUSIONS 

Microwave  interferometry  offers  a  method  of 
nonintrusively  probing  the  reaction  front  in 
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an  explosive  material  which  is  opaque  to  visi¬ 
ble  light.  The  limitations  on  microwave  in¬ 
terferometry  in  explosives  include  the  relative¬ 
ly  long  wavelengths  at  microwave  frequencies 
and  phase  distortion  due  to  unwanted  reflec¬ 
tions.  These  two  factors  have  combined  to  limit 
the  resolution  of  previous  interferometer 
systems.  By  careful  design  of  the  interferometer 
circuit,  using  microwave  components  and  in¬ 
strumentation  now  available,  it  is  possible  to 
eliminate  much  of  the  unwanted  reflections  and 
obtain  high  resolution  from  relatively  long 
wavelength  systems. 

The  incorporation  of  an  intensity  monitor 
furnishes  additional  insight  into  the  interfer¬ 
ometer  data.  The  intensity  variations  during 
deflagration  and  detonation  have  been  related 
to  propagation  loss  in  the  unreacted  explosive 
and  to  the  thickness  and  conductivity  of  the 
reaction  zone  and  its  evolution  with  time. 
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DETONATION  BEHAVIOR  OF  LX-14  and  PBX-9404:  THEORETICAL  ASPECT* 


Francis  H.  Ree  and  Mat  van  Thiel 
University  of  California 
Lawrence  Livermore  National  Laboratory 
Livermore,  California 


We  recently  developed  an  a  priori  theory  of  statistical  mechanics  to 
describe  post-detonation  behavior  of  explosives.  It  is  based  on  (1)  reli¬ 
able  intermolecular potentials,  (2)  an  accurate  statistical  mechanical 
theory  of  mixtures,  and  (3)  an  efficient  technique  to  handle  reactive 
multiphase  mixtures.  We  have  computed  the  detonation  properties 
of  LX-14  and  PBj  -9404.  The  Gibbs  free  energy  of  the  mixture  indi¬ 
cates  that  nitrogen  will  phase-separate  from  the  rest  of  detonation 
products  as  do  graphite  or  diamond.  The  theoretical  Chapman- 
Jouguet  (CJ)  detonation  velocities  agree  well  with  experiment,  but 
the  CJ  pressures  show  a  small  discrepancy.  We  suggest  that  CJ  exper¬ 
iments  have  been  insensitive  to  slow  carbon  formation.  Theoretical 
results  of  overdriven  shocks,  the  CJ  adiabat,  and  several  useful  fits 
to  the  theory  will  be  discussed. 


INTRODUCTION 

At  the  7th  Symposium  (International)  on  Deto¬ 
nation  one  of  us  reported  calculations  (1)  of 
equations-of-state  (EOS)  of  simple  explosives  (NO, 
HNB,  and  RX-23-AB),  using  a  statistical  mechan¬ 
ical  theory  and  intermolecular  potentials.  These 
explosives  were  chosen  for  the  study  because  con¬ 
centrations  of  their  major  detonation  products  are 
largely  unaffected  by  the  changes  in  pressure  (P) 
and  temperature  (T).  The  theoretical  results  were 
compared  with  Chapman-Jouguet  (CJ)  measure¬ 
ments  and  cylinder  tests.  The  comparisons  pro¬ 
duced  encouraging  results,  suggesting  that  post¬ 
detonation  behavior  of  the  simple  explosives  are, 
to  a  large  extent,  in  equilibrium.  This  motivated 
us  to  extend  the  study  to  a  more  complex  explo¬ 
sive.  We  expected  that  such  a  study  would  take 
about  a  year.  This  estimate  (which  was  soon 
found  to  be  too  optimistic)  seemed  reasonable  at 
the  time  of  the  symposium,  because  most  calcula¬ 
tions!  tools  developed  from  the  study  of  the  sim¬ 
ple  explosives  could  be  directly  applied  to  more 
complex  situations. 


♦Work  performed  under  the  auspices  of  the  U.S. 
Department  of  Energy  by  the  Lawrence  Liver¬ 
more  National  Laboratory  under  contract  number 
W-7405-ENG-48. 


As  it  turned  out,  complex  explosives  require 
consideration  of  new  physics  inherent  to  them¬ 
selves.  They  are:  accurate  parameterizations  of 
complicated  intermolecular  potentials,  a  need  to 
handle  chemical  reactions  in  an  efficient  manner, 
and  a  possibility  that  reacting  mixtures  may 
undergo  a  fluid-fluid  phase  separation.  Except  for 
the  phase-separation  problem,  most  calculational 
tools  have  been  developed  by  now.  Details  of 
them  have  been  published  elsewhere  (1,2).  A  fluid- 
fluid  phase  separation  in  multi-component  sys¬ 
tems  is  a  complex  statistical  mechanical  subject 
in  its  own  light  and  is  beyond  the  scope  of  the 
present  paper.  A  separate  paper  (3)  will  address 
the  issue  in  detail  to  show  why  and  how  a  fluid- 
fluid  phase  separation  in  N2  +  H20  +  C02  mix¬ 
tures  is  expected  to  affect  the  detonation 
behavior  of  explosives.  In  the  present  paper  the 
allowance  of  the  fluid-phase  separation  is  as¬ 
sumed  from  the  outset. 

The  main  purpose  of  this  paper  is  to  discuss 
the  results  of  our  theoretical  calculations  on  ther¬ 
modynamic  and  hydrodynamic  paths  after 
detonation  of  PBX-9404  and  LX-14  explosives 
from  the  calculations.  We  also  present  several 
useful  analytic  representations  of  the  theoretical 
EOS  results.  Prior  to  this,  however,  we  want  to 
give  a  brief  outline  of  our  theoretical  model 
which  is  pertinent  to  the  ensuing  discussion. 
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THEORETICAL  MODEL 

A  successful  theory  of  post-detonation  behav¬ 
ior  must  contain  several  ingredients:  (1)  reliable 
intermolecular  potentials;  (2)  reliable  statistical 
mechanical  theory  of  one-  and  multi-component 
systems;  and  (3)  efficient  techniques  to  handle 
reactive  mixtures  in  multiphase  equilibrium. 

A.  Intermolecular  Potential  and  One-Component 
EOS  Theory 

An  intermolecular  potential  which  best  describes 
experimental  shock  wave  data  is  the  expo¬ 
nential-6  (exp-6)  potential: 

(j>(r)  =  tf  (— — )exp[a(l-r/r*)] 


Note  that  the  exp-6  potential  has  three  param¬ 
eters:  t  —  the  depth  of  the  attraction,  r*  =  the 
range  of  the  repulsive  core,  and  a  =  the  slope 
of  the  repulsions.  For  most  common  detonation 
products,  theoretical  methods  and  shock  wave 
data  are  available  to  fix  these  parameters.  The 
original  references  for  the  shock  wave  data  used 
to  calibrate  the  parameters  of  our  intermolec¬ 
ular  potentials  are  given  in  Ref.  2.  The  calibra¬ 
tion  for  chemical  species  (NH3  and  H20)  with 
a  strong  electrostatic  interaction  requires  a 
temperature-dependent  £,  while  a  chemical 
species  (H2)  with  a  strong  many-body  force  is 
represented  by  a  small  (=  11.1)  value  of  a.  Table 
2  in  Ref.  2  lists  the  numerical  values  of  £,  r*. 
and  a  for  all  gaseous  species  considered  in  our 
work. 

For  the  calibration  of  one-component  equi¬ 
librium  properties  we  used  the  free  energy  ex¬ 
pression  of  Ross  (4),  which  is  on  improved  ver¬ 
sion  of  the  variational  theory  of  Mansoori  and 
Canfield  (5),  and  Rasiah  and  Stell  (6).  Monte 
Carlo  and  molecular  dynamic  calculations  have 
shown  that  the  soft-sphere  variational  theory 
of  Ross  and  similar  improved  theories  (7,8) 
which  are  developed  more  recently  can  reliably 
predict  thermodynamic  properties  over  the  en¬ 
tire  dense-fluid  region  relevant  to  detonation 
problems.  It  is  important  to  mention  that  in  our 
calculation  the  free  energy  was  numerically 
evaluated,  from  the  variational  theory,  without 
approximation. 


B.  Effective  One-Component  Potential  for 
Reactive  Mixtures 

Post-detonation  products  generally  exist  as 
mixtures.  To  calculate  thermodynamic  proper¬ 
ties  of  mixtures,  we  employ  the  improved  van 
der  Waals  one-fluid  (vdWlf)  model  (9),  in  which 
all  mo'ecules  in  the  mixture  are  assumed  to  be 
identical  and  to  interact  with  an  “effective”  one- 
component  exp-6  potential.  The  £,  r*,  and  a  of 
the  effective  one-component  potential  are  ex¬ 
pressed  in  terms  of  the  mole  fractions  (Xj)  and 
the  pair  interaction  constants  (c^,  rf:,  Ojj)  of  the 
constituents  of  the  mixture  as  follows: 

(r*)3  =  £x;Xj  (rfj  )3  .  (2) 

£  =  £xiXj  z-tj  (rf//(r*P  .  (3) 

a  =  jEjXjXj  Ojj  £ij(r*j)3/£(r*)3  .  (4) 

Since  in  our  mixture  model  every  molecule  in¬ 
teracts  with  the  same  concentration-dependent 
potential  as  every  other  molecule,  we  can  extend 
the  one-component  EOS  theory  discussed  ear¬ 
lier  to  mixtures.  The  reliability  of  the  improved 
vdWlf  model  has  been  verified  by  Monte  Carlo 
simulations  (9).  As  an  example  we  chose  an  equi¬ 
molar  mixture  of  H2  and  He.  Table  1  shows  the 
pressures  of  a  mixture  computed  from  Monte 
Carlo  simulation  (216  particles)  and  our  mixture 
model  as  decribed  by  Eqs.  (l)-(4)  and  the  soft- 
sphere  variational  theory.  We  note  that  the 
statistical  mechanical  results  closely  follow  the 
Monte  Carlo  data. 

C.  Chemical  Equilibrium  Calculation  by  the 
CHEQ  Code 

Because  the  detonation  products  are  chemi¬ 
cally  reactive,  their  concentrations  change  with 
T  and  P.  This  makes  it  necessary  to  determine 
the  concentrations  n^  (=  n  xk;  n  =  total 
number  of  moles  in  a  given  phase)  of  all  constit¬ 
uents  by  minimizing  the  Gibbs  free  energy. 
Since  £,  r*,  and  a  all  depend  on  nk  through  Eqs. 
(2)-(4),  the  minimization  requires  a  frequent 
readjustment  of  the  exp-6  parameters  through¬ 
out  the  calculation.  The  chemical  equilibrium 
code  (CHEQ)  was  developed  to  make  these 
adjustments. 

The  CHEQ  code  solves  the  chemical  com- 
positons  of  heterogenous  mixtures,  using  the 
extent-of-reaction  method.  This  portion  of  the 
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TABLE  1 


Comparison  of  Pressure  From  the  Two-Component  Mo,-.te  Carlo  (MC) 
Calculation  and  the  Theory  of  Mixtures' 1 


T(°K) 

V(cm3/mol) 

Pressure  (GPa 

2-Component  MC 

Theory 

20 

0.047  ±  0.001 

0.05 

14 

0.338  ±  0.003 

0.35 

10 

1.856  ±  0.008 

1.91 

8 

12.43  ±  0.02 

12.6 

7000 

4.5 

54  ±  1 

55.3 

a  The  exp-6  potential  parameters  used  in  the  comparison  are:  (c/k,  r*.  a)  =  (36.4  °K,  3.43  A,  11.1),  (10.8  °K,  2.9673  A,  13.1). 
and  (15.5  °K,  3.30  A,  13.0)  for  the  H2— H2,  He— He,  and  H2— He  interactions,  respectively. 


CHEQ  code  is  the  same  as  that  of  Levine's  code 
(10).  The  CHEQ  code  is  superior  to  other  avail¬ 
able  computer  codes  in  that  it  has  some  capabil¬ 
ity  to  handle  several  gas  or  liquid  phases  simul¬ 
taneously.  For  a  solid-phase  of  graphite  or  dia¬ 
mond,  the  CHEQ  code  employs  the  Murnaghan 
equation  to  represent  P-V  data.  Note  that  no 
amorphous  form  of  solid  carbon  is  allowed  in  the 
present  formulation,  since  the  inclusion  of  such 
metastable  (or  possibly  unstable)  species  direct¬ 
ly  contradicts  the  spirit  of  the  calculation, 
namely  an  assumption  of  strict  thermodynamic 
equilibrium.  This  is  essential  to  determine  the 
extent  to  which  time-dependent  factors  influ¬ 
ence  experimentally  measured  detonation  data. 

APPLICATION  TO  PBX-9404  and  LX-14 

Chemical  equilibrium  calculations  have  been 
made  on  two  HMX  based  explosives.  PBX-9404 
and  LX-14  (11).  The  results  are  two  theoretical 
data  based  of  similar  but  not  identical  composi¬ 
tions  as  a  function  of  T  and  P.  They  offer  a  good 
basis  for  comparing  experimental  and  theoret¬ 
ical  sensitivity  to  changes  in  composition  and 
energy.  LX-14  has  the  compositon  C:H:N:0  = 
1.52:2.92:2.59:2.66  in  moles  per  100  g.  For 
PBX-9404  this  is  C:H:N:0:C1:P  =  1.40:2.75: 
2.69:2.57:0.03:0.01.  The  detonation  energies  are 
the  same  to  within  1%,  yet,  experimental  differ¬ 
ences  are  noticeable. 

Figures  1  and  2  show  comparison  of  the  shock 
velocity  vs  P  plots  of  PBX-9404  and  LX-14  based 
on  the  present  work  (referred  to  as  CHEQ),  the 
Jones- Wilkins-Lee  (JWL)  EOS  (12),  the  Becker- 
Kistiakowsky- Wilson  (BKW)  EOS  (13)  (the 
parameters  of  which  are  given  by  Finger  et  al 
(14)).  and  the  Jacobs-Cowperthwaite-Zwisler  3 
(JOZ3)  EOS  (’5).  Figure  1  also  includes  the 


experimental  data  (16-18)  of  PBX-9404.  Table 
2  gives  the  comparison  of  the  CJ  data  of  the  two 
explosives. 


Fig.  1.  The  Hugoniots  of  PBX-9404  (q0—1.84 
g/cm3)  (Calculated  curves  are:  the  present  theory 
(CHEQ),  the  BKW  EOS  (13,14),  the  JCZ3  EOS 
(15),  and  the  JWL  EOS  (12):  Crosses  are  experi¬ 
mental  data  of  Kineke  and  Wesi  06)  and  solid 
circles  are  the  Lawrence  Livermore  National 
Laboratory  (LLNL)  data  by  Lee  et  al,  (17)  and 
Grten  et  al,  (18).) 

In  the  present  work  we  allow  detonation  pro¬ 
ducts  to  be  in  three  different  phases,  i.e„  a 
gaseous  phase  containing  H2,  CH4,  02,  C02, 
H20,  N2,  CO,  NO,  NH3,  a  second  gaseous 
phase  composed  of  only  N2  and  H20,  and  a 
solid  phase  of  carbon  which  may  be  either 
graphite  or  diamond.  Note  that  the  second  fluid 
phase  was  not  included  in  earlier  calculations 
by  other  workers.  The  allowance  of  the  second 
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Fig.  2.  The  Hugoniots  of  LX-14  (Q0— 1.835 
g/cm 3)  (Calculated  curves  are:  the  present  work 
(CHEQ),  the  BKW EOS  (13,14),  the  JCZ3  EOS 
(15),  and  the  JWL  EOS  (11).) 

phase  does  not  necessarily  mean  that  it  should 
be  physically  present  at  all  P  and  T.  It  is  pres¬ 
ent  only  if  its  inclusion  lowers  the  Gibbs  free 
energy  of  the  whole  multiphase  mixture  system. 
This  part  of  the  computational  chore  is  built  in¬ 
to  the  CHEQ  code. 


Appearance  of  a  second  fluid  phase  depends 
sensitively  on  the  values  of  the  exp-6  param¬ 
eters  (r*-,  £jj,  Ojj),  where  i=N2  and  j=H20.  Our 
calculations  employ  r*  =  k;j  (rft  +  r*j)/2,  ^  = 
v/cji  £jj  ,  and  =  \My  Q\\  to  compute  the 
unlike-pair  (i#j)  interaction  parameters  (19), 
where  the  ky’s  are  chosen  to  be  unity  for  all  spe¬ 
cies  except  kH  o  m  =  1.03  and  kH  0_c0 
=0.965.  These  small  changes  (~  3%)  from  unity 
are  within  variations  of  experimentally  deter¬ 
mined  r*  values  with  different  experimental 
techniques.  The  computed  thermodynamic 
properties  are  largely  unaffected  by  the 
changes,  except  in  the  neighborhood  of  the  fluid- 
fluid  phase  separation  boundary,  which  is  sen¬ 
sitive  to  a  small  change  in  kN2_H2o- 

Our  choice,  kN  h2o  =  1.03  and  kCo2_H2o 
=  0.965,  was  made  to  place  the  CJ  point  within 
the  (P,T)  region  where  three  phases,  i.e.,  N2-rich 
and  N2-poor  fluid  phases  plus  a  “diamond-like” 
solid  phase  of  carbon,  exist  in  thermodynamic 
equilibrium.  Such  a  choice  produces  the  CJ  deto¬ 
nation  velocity  (Dqj  =  8.78  km/s  for  PBX-9404 
and  8.74  km/s  for  LX-14.  Both  these  values 
agree  with  the  experimental  values  (12,20,21)  in 
Table  2.  Other  theoretical  justifications  for  the 
need  of  the  fluid-fluid  phase  separation  are 
given  in  Ref.  3.  Further  experimental  work  on 


TABLE  2 

Chapman-Jouguet  (CJ)  Data  of  PBX-9404  and  LX-14 


Explosives  Variable* 

Experiment6 

Theory 

CHEQ 

BKWC 

BKWd 

JCZ3‘ 

.  _  .  ...  . 

PBX-9404  D 

8.80  8.78 

8.81 

8.83 

8.88 

8.78 

p„=  1.84  P 

37.0  35.6 

33.2 

36.8 

36.3 

32.5 

Q 

2.48  2.46 

2.40 

2.47 

2.46 

2.39 

T 

4089 

2280 

2466 

3678 

2.85  2.99 

3.30 

2.90 

3.01 

3.37 

LX-14  D 

8.79 

8.78 

8.83 

8.75 

8.70 

Q0~  1.835  P 

32.3 

36.7 

34.8 

31.9 

e 

2.38 

2.47 

2.42 

2.38 

T 

4069 

2248 

2510 

3612 

r 

3.38 

2.90 

2.98 

3.36 

a  D  =  detonation  velocity  in  km/s;  P  =  pressure  in  GPa,  p  =  density  in  g/cm3;  T  =  Temperature  in  °K;  T  =  adiabatic 
gamma  [Eq.  (5)). 

k  The  first  values  of  PBX-9404  are  from  Ref.  1  :  and  the  second  values  are  from  Ref  20.  The  value  of  p0  quoted  in  Ref.  20 
is  1.846  g/cm3.  The  value  of  LX-14  is  from  Ref.  21. 
c  These  are  computed  using  the  same  parameters  in  the  TIGER  code,  as  reported  in  Ref.  14. 

^  C.  L.  Made;.  Numerical  Modeling  of  Detonations  (University  of  Calif.  Press,  Berkeley.  CA.  1979),  p.  57  and  p.  65.  The 
quoted  values  of  p0  are:  1.844  g/cm3  for  PBX-9404  and  1.81  g'cm3  for  LX-14. 
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LX-14  is  in  progress  at  the  LLNL  (21). 

In  contrast  to  the  DCJ  value,  the  deviation 
between  the  theoretical  (33.0  GPa)  and  the  ex¬ 
perimental  (35-37  GPa)  CJ  pressures  (PCJ)  is 
much  larger.  See  Table  2.  This  is  similar  to  the 
case  of  PETN  (2),  where  the  deviation  probably 
occurred  because  of  a  slow  kinetic  effect  present 
in  the  experimental  P^  data.  It  is  possible  that 
the  same  kinetic  effect  is  also  responsible  for  the 
observed  deviation  in  the  present  case.  One  can¬ 
didate  for  the  postulated  slow  reaction  is  a  solid¬ 
ification  process  of  carbon  from  the  dissociation 
of  chemical  species  (such  as  C02,  CO,  CH4,  etc.) 
(2).  The  experimental  support  for  this  view 
comes  from  the  measurements  of  the  luminosity 
and  electrical  conductivity  of  shock-compressed 
organic  molecules  (22,23).  These  data  indicate 
that  carbon  condensation  will  occur  not  at  the 
shock  front  but  behind  it  with  a  finite  induction 
time;  e.g.,  0.02  ps  at  14.4  GPa  for  nitromethane 

(24) . 

Additional  theoretical  support  is  provided  by 
the  “experimental”  behavior  of  the  adiabatic 
gamma, 

f~JYVL  =  ~  [dfoP/faV]  s  ,  (5) 

obtained  within  the  constraint  of  the  CJ  theory 

(25) .  Figure  3  shows  the  behavior  of  f  along  the 
GJ  isentrope,  in  which  the  f  values  used  are  con¬ 
strained  to  agree  with;  (I)  the  cylinder-test  data 
at  q<qcj  (12);  (II)  the  V  (=2.85)  at  q  - 
(computed  with  the  experimental  PCJ  value  of 
37  GPa  (12)];  and  (III)  theCJ  isentrope  inferred 
from  the  overdriven  shock  data  at  (?>ecj 
(16-18) 

For  an  explosive  with  specified  atomic  com¬ 
positions,  its  CJ  point  corresponds  to  a  (P,V,T) 
state  which  should  depend  only  on  Q0  and  the 
energy  of  formation  of  the  explosive.  Therefore, 
unless  the  CJ  point  accidentally  coincides  with 
a  thermodynamic  phase-transition  point,  a  ther¬ 
modynamic  quantity  (such  as  0  should  not  ex¬ 
hibit  a  near  singularity  at  the  CJ  point  as  indi¬ 
cated  in  Fig.  3.  It  is  worthwhile  to  mention  that 
the  observed  anomaly  will  disappear  if  the 
experimental  CJ  point  is  replaced  by  the  theo¬ 
retical  prediction.  This  modification  would  re¬ 
quire  a  reduced  P^j  value  (to  33GPa  and  32Gpa 
for  PBX-9404  and  LX-14,  respectively)  and  a 
similar  reduction  in  Qqj  (to  2.40  g/cm3  and  2.38 
g/cm3  for  PBX-9404  and  LX-14,  respectively). 
However,  a  more  definitive  conclusion  must 


await  further  effort  to  reduce  possible  experi¬ 
mental  and  theoretical  uncertainties  in  the  PCJ 
values. 


1  2  3 


P(Mg/m3! 

Fig.  3.  The  adiabatic  gamma  (V)  [Eq.  (5)]  of 
PBX-9^104  along  the  Chapman-Jouguet  (CJ) 
adiabat  (q0~1.84  g/cm3),  inferred  all  from  the 
experimental  data :  cylinder  test  data  (12);  Pqj 
and  Dqj  (12),  and  the  overdriven  Hugoniot  data 
(16-18) 

Above  65  GPa.  the  CHEQ  and  the  JCZ3 
Hugoniots  in  Fig.  2  become  slightly  stiffer  than 
the  experimental  data.  This  difference  may  be 
real  and  may  bear  a  physical  significance.  A  re¬ 
cent  shock  wave  experiment  of  N2  (26)  which  is 
a  major  detonation  product  of  PBX-9404  and 
LX-14  shows  that  the  Hugoniot  pressures 
above  35  GPa  become  significantly  lower  than 
values  extrapolated  from  the  lower-P  data.  One 
possible  explanation  is  that  molecular  nitrogen, 
when  hee  id  above  8000 °K  and  pressurized 
above  35  GPa,  may  dissociate  into  a  denser 
phase  of  monatomic  nitrogen  (27-29).  In  the  case 
of  mixtures  the  dissociation  of  N2  could  occur 
at  lower  temperatures  but  at  higher  pressur  s, 
relevant  to  overdriven  states  of  PBX-9404  and 
LX-14  (27).  Alternatively  the  observed  devia¬ 
tions  at  P  65  GPa  in  Fig.  1  may  be  related 
to  occurrence  of  multiple  fluid  phase  separa¬ 
tions.  In  this  regard,  it  should  be  noted  that  the 
present  study  considers  only  two  fluid  phases. 
Our  limited  knowledge  on  multi-fluid  phase 
separations  in  the  (P.T)-range  relevant  to  an  ex¬ 
plosive  makes  it  impractical  to  extend  our  study 
to  more  than  two  fluid  phases. 

Figures  4  and  5  show  comparison  of  the  P-vs- 
v(=V/V0)  Chapman-Jouguet  adiabatic  paths 
(V0=  p0-1)  of  PBX-9404  and  LX-14  obtained 
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Fig.  4.  The  theoretical  Chapman-Jouguet 
adiabats  of  PBX-9404  relative  to  that  of  the 
JWL  EOS  ( q0=1.84  g/cm3)  (The  theoretical 
results  are  based  on  this  work  (CHEQ),  the 
BKW  EOS.  and  the  JC73  EOS.) 

from  the  three  theoretical  models  (CHEQ, 
BKW,  and  JCZ3)  and  the  JWL  adiabat,  i.e., 

Ps  =  A,  exp(— R,v)  +  A2  exp(~R2v) 

+  Cv  ^*"  ,  (6) 

where  constants  A,,  A2,  C,  Rp  R2,  and  a>  for 
PBX-9404  (Fig.  4)  are  based  on  the  cylinder-test 
data  (12),  while  those  for  LX-14  (Fig.  5)  are 
taken  from  Ref.  11.  Since  the  CJ  adiabat  of 
PBX-9404  from  the  present  theory  is  nearly  in¬ 
distinguishable  from  the  JWL  result,  only 
deviations  from  the  JWL  result  for  the  three 
theoretical  models  are  shown  in  Fig.  4.  Note 
that  the  deviations  between  the  present  work 
and  JWL  stay  within  5%  over  the  range  of 
V/V0  between  0.5  and  2.  In  comparison,  the 
JCZ3  and  the  BKW  models  give  larger  devia¬ 
tions  (i.e.,  up  to  10%  and  35%,  respectively). 

A  much  more  sensitive  test  of  the  various 
EOS  models  is  T  (Eq.  (5)j,  which  is  a  second- 
order  derivative  of  the  free  energy.  Figures  6 
and  7  show  how  I"  of  PBX-9404  and  LX-14  from 
the  four  EOS  models  behave  as  a  function  of 
density.  The  values  of  f(JWL)  at  the  CJ  points 
are  seen  to  lie  lower  than  the  CHEQ  and  the 
JCZ3  predictions.  We  have  already  discussed 
this  feature  in  conjunction  with  Fig.  3,  where 
the  experimentally  measured  high  PCJ  value  is 
seen  to  cause  the  observed  low  T(JWL)  value. 
Another  characteristic  feature  of  the  f(JWL)  is 


double  maxima,  a  feature  common  to  many 
other  explosives  represented  by  the  JWL  EOS. 
This  is  due  to  the  two  exponential  terms  in  Eq. 
(6)  used  to  represent  cylinder-test  data  and  exper¬ 
imental  CJ  data  (2). 


Fig.  5.  The  Chapman-Jouguet  adiabats  of 
LX-14  (q0=1.835  g/cm3)  predicted  by  the  pre¬ 
sent  theory  (CHEQ),  the  BKW  EOS,  theJCZ3 
EOS,  and  the  JWL  EOS 

It  is  interesting  to  note  that  the  present 
theory  also  produces  T  with  double  maxima.  Oc¬ 
currence  of  the  maxima,  however,  is  directly 
related  to  appearance  of  phase  transition.. 
These  consist  of  the  graphite-to-diamond  tran- 
siton  and  separation  of  a  N2-rich  and  a  N2-poor 
phase.  Both  will  significantly  affect  hydrody¬ 
namic  calculations  of  experimental  configura¬ 
tions,  because  similar  fluctuations  occur  in 
sound  speed  as  well.  Such  calculations  would  in¬ 
deed  require  a  very  complex  and  accurate 
representation  of  the  EOS  data  base  near  the 
transition  regions. 

ANALYTIC  REPRESENTATIONS 

For  hydrodynamic  applications  it  is  conven¬ 
ient  to  represent  the  theoretical  EOS  data  by 
an  analytic  form.  For  this  purpose  we  have 
generated  more  than  2000  EOS  data  points 
from  the  present  theory.  The  (g.T)  range  con¬ 
sidered  for  PBX-9404  is  shown  in  Fig.  7.  The 
EOS  data  points  are  fitted  by  using  a  ratio-of- 
polynomials  form  with  28  coefficients;  i.e., 

PM  =  (1+p)  X 

G^p)  +  G2(p)£  +  G3(pk2  +  G4(p)£2 ,  (7) 
G5(p)  +  G6(p)£  +  G7(p)£2 


Fig.  6.  Comparisons  of  the  adiabatic  gamma  T  fEq.  (5)] along  the  Chapman-Jouguet  adiabats  predicted 
by  the  present  theory,  the  BKW  EOS,  the  JCZ3  EOS,  and  the  JWL  EOS:  (a)  PBX-9404  (q0—1.84 
g/cm3)  and  (b)  LX-14  (qo—  1.835  g/cm3) 


Fig.  7.  The  density-temperature  grid  points 
used  to  fit  the  theoretical  (P,E)  data  of  PBX-9404 
by  an  analytic  form  I Eqs .  (7)  and  {8)1  (Within  the 
1 -phase  region,  all  detonation  products  occur  as 
a  single  phase  mixture.  The  2-phase  region  con¬ 
sists  of  a  fluid  mixture  phase  plus  condensed 
carbon  which  is  in  graphite  or  diamo.id-like  (the 
boundary  between  the  two  is  shown  by  dash- 
dotted  line).  The  3-phase  region  contains  two 
fluid  phases  (i.e„  Nr/rich  and  N^poor  mixtures) 
and  a  solid  diamond-like  phase  of  carbon.) 

where  p  =  qIqq-  1,  t  =  E@0,  and  the  G((y)’s  are 
given  by 

Gt(p)  =  a„  +  al2  m  +  al3  p‘ 

+  al4  p\  (i  =  1,7)  .  (8) 


Table  3  gives  numerical  values  of  constants 
Bjj's  for  PBX-9404.  A  fit  (30)  for  LX-14  is  also 
given  in  Table  3.  The  rms  deviation  of  the  fit  is 
0.7%  for  PBX-9404  and  1.9%  for  LX-14.  Except 
near  the  low-T  end  (T  <  0.17eV  and  Q  =  1.5 
g/cm3)  which  is  not  important  for  a  hydrody¬ 
namic  study,  the  analytic  fit  for  PBX-9404 
agrees  with  CHEQ  data  within  3%.  The  largest 
errors  occur  near  the  N2-phase  separation  boun¬ 
dary.  The  fitting  errors  for  LX-14  lie  mostly 
within  6%,  except  near  the  low-Q  boundary 
(g  =  0.09  g/cm3).  In  Eq.  (7)  and  Table  3  the 
zero-reference  level  for  the  energy  corresponds  to 
the  state  of  the  elements  (composing  PBX-9404 
and  LX-14)  at  298.1 5  °K  and  1  atm.  The  above 
definition  gives  the  energies  e0  (=  E0g0)  of  for¬ 
mation  of  PBX-9404  and  LX-14  to  be  6.09.10  ° 
Mbar  and  1.15  10'3  Mbar,  respectively. 

A  simpler,  but  more  approximate,  way  to 
represent  the  CHEQ  EOS  data  base  is  to  adopt 
the  JWL  form  or  its  modification  and  to  fit  on¬ 
ly  the  theoretical  CJ  adiabats  (e.g.,  a  solid  line 
indicated  in  Fig.  7  for  PBX-9404). 

Tables  4  and  5  show  fitting  parameters  and 
deviations  between  the  JWL  form  and  the  EOS 
data  base  for  PBX-9404  and  LX-14  explosives. 
Two  separate  fits  are  given:  the  standard  JWL 
EOS  form  with  a  constant  o>  and  a  form  in 
which  the  principal  isentrope  is  corrected  with 
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(Ill  >) 


TABLE  4 

JWL  fits  to  CHEQ  PBS-9404  Data0- 
(Pqj  =  33  GPa ;  Dqj  =  8.78  km/s;  q0  —  1.84  g/crn 


Fit 

Ai 

A2 

C 

Coefficients 

Ri 

r2 

O) 

a 

b 

Eq.  (9) 

78.8552 

1.3875 

0.01531 

8.700 

EX  1 

0 

Eq.  (10) 

77.6069 

1.2390 

0.01281 

8.700 

H  1 

.74 

JWL  Fit  [Eq.  (9)  ] 

Modified  JWL  Fit  [Eq.  (10)  ] 

V 

P(CHEQ) 

£<CHEQ) 

1000  AP 

1000  At 

r 

1000  AP 

1000  Ae 

m 

2.6872 

0.0274 

-2.0 

+0.9 

2.544 

-1.8 

+0.5 

2.648 

2.0706 

0.0342 

-1.8 

-0.4 

3.885 

-1.4 

-0.6 

3.772 

1.4874 

0.0494 

+  1.8 

-0.6 

4.077 

+  2.0 

-0.6 

3.932 

1.1752 

0.0688 

+3.7 

+0.2 

3.894 

+3.6 

+0.3 

3.770 

0.9056 

0.1051 

-4.6 

+0.2 

3.943 

-4.7 

+0.2 

3.840 

0.7949 

0.1318 

+0.1 

+0.0 

4.055 

+0.1 

+0.0 

3.960 

0.7675b 

0.3298 

0.1403 

+0.0 

+0.0 

4.081 

+0.0 

+0.0 

3.988 

0.7230 

0.4044 

0.1566 

-1.6 

-0.0 

4.112 

-1.6 

-0.0 

4.023 

0.6228 

0.6850 

0.2095 

-7.8 

-0.5 

4.083 

-8.8 

-0.5 

4.005 

a  P  and  t  (  =  Ep0)  are  in  Mbars;  v  is  V/V0.  The  reference  energy  is  chosen  so  that  the  CJ  energy  is  E0  +  0.5 
P  (V0  -V)  where  £0  (=  E0p0)  is  given  in  Ref.  11.  P(CHEQ)  and  t(CHEQ)  are  calculated  with  the  CHEQ  code. 
AP  and  Ac  are  pressure  and  energy  differences  between  the  CHEQ  data  and  the  JWL  or  fits. 

b  CJ  point. 


TABLE  5 

JWL  Fits  to  CHEQ  LX-14  Dataa 
(Pqj  -  34  GPa;  Dqj  =  8.7883  km/s;  q0  =  1.833  g/cm s) 


Fit 

A, 

A  2 

C 

Coefficients 

R. 

R2 

O) 

a 

b 

Eq.  (9) 

30.5948 

1.2398 

7.3 

2.58 

.00 

0 

Eq.  (10) 

25.0145 

0.8340 

6.8 

2.24 

.74 

6 

JWL  Fit  [Eq.  (9) 

] 

Modified  JWL  Fit  [Eq.  (10)  ) 

V 

P(CHEQ) 

e(CHEQ) 

1000AP 

IOOOAe 

r 

1000AP 

IOOOAe 

| 

2.7283 

0.0076 

0.0274 

-  0.5 

+0.5 

2.433 

-  1.6 

+  1.2 

3.058 

2.1129 

0.0150 

0.0339 

-  0.6 

+0.1 

3.031 

-  1.2 

+0.3 

3.369 

1.5177 

0.0402 

0.0486 

+  0.4 

-0.0 

3.121 

+  0.6 

+0.2 

3.102 

1.1235 

0.1006 

0.0740 

+  1.0 

+0.1 

3.019 

+  0.5 

+0.3 

3.007 

0.9011 

0.2003 

0.1062 

-  1.2 

-0.3 

3.105 

-  1.7 

-0.2 

3.128 

0.7950 

0.2922 

0.1317 

+  2.8 

-0.0 

3.159 

+  2.7 

0.0 

3.170 

0.7600b 

0.3400 

0.1428 

0.0 

0.0 

3.168 

0.0 

0.0 

3.168 

0.7054 

0.4408 

0.1639 

-10.0 

-0.2 

3.165 

-10.3 

-0.2 

3.144 

0.6076 

0.7531 

0.2205 

-65.5 

-3.3 

3.083 

-70.6 

-3.5 

3.016 

a  See  footnote  a  in  Table  4  for  definition  of  various  quantities  in  this  Table. 

b  Note  that  the  CJ  pressure  (34  GPa)  used  in  the  fit  is  raised  from  the  value  (32.3  GPa)  in  Table  2  to  improve 
agreement  with  the  data  base. 
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consist  mostly  of  C,  H,  N,  and  0,  the  fundamen¬ 
tal  approach  developed  here  can  provide  quan¬ 
titatively  reliable  EOS  data  for  practical 
applications. 

•  Further  “fine-tuning”  of  the  EOS  data  is 
possible  when  and  if  we  know  more  about 

a.  the  (P,T)  boundaries  where  the  N2-rich 
fluid  phase  separates  from  the  rest; 

b.  ~ne  physical  mechanism  that  gives  rise  to 
a  significant  lowering  in  pressure  of  the  N2 
Hugoniot. 

•  Except  near  the  CJ  point,  the  rate  effect  ap¬ 
pears  to  be  insignificant.  Initial  efforts  to 
understand  the  rate-dependent  effects,  as 
suggested  by  the  present  work  and  earlier 
work,  should  be  directed  to  experimental  and 
theoretical  determination  of  the  time  con¬ 
stant  characterizing  the  condensation  of  car¬ 
bon  under  a  strong  shock  environment. 
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GERALD  KLRLEY,  Sandia,  Albuquerque 

Are  there  any  other  erplosves  that  should  ex¬ 
hibit  the  nitrogen  phase  separation  besides  the 
two  you  have  studied? 

REPLY 

BY  F.  H.  REE  AND  MAT  VAN  THIEL 

Our  study  of  PETN  also  indicates  such  a 
phase  change  (3).  In  the  case  of  PETN,  however, 
the  phase  separation  boundary  crosses  the 
Hugoniot  above  the  CJ  point  at  48  GPa  to  56 
GPa.  The  agreement  between  the  theoretical 
Hugoniot  and  the  experimental  data  of  Kineke 
{Ballistic  Research  Laboratories,  Rept.  DEA- 
G-1060MTG  (1970)]  is  approximately  similar  to 
that  of  PBX-9404  in  Fig.  1.  A  comparison  of  the 
PBX-9404  and  PETN  results  shows  that 
PBX-9404  has  a  lower  CJ  temperature  (by 
about  600  K)  but  a  higher  CJ  pressure  (by  5 
GPa).  The  higher  temperature  and  lower 
pressure  of  PETN  places  its  CJ  point  in  the 
homogeneous  fluid  range. 

The  aforementioned  fluid  phase  change  is 
probably  a  general  characteristic  of  explosives 
with  a  high-nitrogen  content.  This  contention 
may  be  verified  using  RX-23-AB.  It  produces 
mostly  H20  and  N2  (14),  both  of  which  arc 
chemically  stable.  Hugoniot  experiments  above 
30  GPa  shoild  provide  a  simple  test  of  the 
predicted  fluid  phase  separation. 


.’AMES  L.  AUSTING,  ITT  Research  T  istitute, 
Chicago,  Illinois 

Since  your  reported  CJ  temperatures  for  each 
explosivs  show  a  much  broader  range  in  com¬ 
parison  ,o  the  other  CJ  parameters,  could  you 
please  c<  mment  on  which  values  of  temperature 
you  cor  sider  to  be  the  most  valid,  and  most 
representative  of  what  would  be  obtained 
experimentally? 

REPLY 

BY  F.  H.  REE  AND  MAT  VAN  THIEL 

The  CHEQ  and  the  JCZ3  temperatures  in 
Table  2  should  represent  reasonable  values  for 
the  equilibrium  temperature.  It  is  worth  men¬ 
tioning  that  the  computed  temperatures  are 
very  sensitive  to  the  small  changes  in  the 
parameters  of  the  models  in  Table  2.  Hence,  the 
10%  difference  between  the  CHEQ  and  the 
JCZ3  temperatures  probably  is  within  the 
uncertainties  of  these  models.  The  BKW  EOS 
tends  to  give  a  much  lower  temperature  than 
the  CHEQ  and  JCZ3  predictions.  The  BKW 
EOS  predicts  similar  low  temperatures  for  other 
explosives  (14).  It  may  be  a  basic  shortcoming 
in  the  BKW  EOS  which  ignores  the  static  con¬ 
tributions  to  pressure  and  energy.  Calculations 
by  us  as  well  as  by  others  (see  papers  by  Show 
and  Johnson,  Chirat  and  Baute,  Byers  Brown, 
and  Kerley  in  this  symposium)  indicate  that 
both  the  scatic  and  the  thermal  contributions 
to  thermodynamic  properties  are  about  equal¬ 
ly  important  in  the  pressure  and  temperature 
range  of  the  CJ  point. 

It  should  be  pointed  out  that  the  experimental 
shock  temperature  obtained  from  shock  front 
luminosity  may  or  may  not  represent  a  real 
equilibrium  temperature  at  the  CJ  point,  since 
the  screening  of  the  radiation  by  an  optically 
thick  reaction  zone  would  prevent  the  radiation 
emitted  from  the  equilibrated  zone  (i.e.,  CJ 
point)  behind  the  reaction  zone  from  reaching 
the  measuring  apparatus.  The  luminosity  data 
(22)  of  benzene,  for  example,  is  consistent  with 
this  view. 
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COMPARISON  OF  EXPERIMENTAL  DATA  ON  DETONATION  VELOCITY  AND 
CHAPMAN-JOUGUET  PRESSURE  VS  INITIAL  HE  DENSITY  WITH 
PREDICTIONS  FROM  REE’S  MODEL  EQUATION  OF  STATE* 

D.J.  Steinberg 

Lawrence  Livermore  National  Laboratory 
Livermore,  California 


Data  on  the  change  of  detonation  velocity  and  Chapman-Jouguet 
pressure  vs  initial  HE  density  for  RDX  and  HMX  have  been  com¬ 
pared  with  the  theoretical  predictions  of  Ree  for  PBX  9404.  Ree’s 
model  predicts  breaks  or  changes  in  the  slope  of  these  curves  due 
to  the  solidification  of  carbon  and  the  formation  of  a  separate, 
nitrogen-rich  phase.  There  is  good  evidence  for  the  solidification  of 
carbon  at  Q0  about  1.15  g/cc,  but  the  evidence  for  the  nitrogen  phase 
separation  at  Q0  about  1.56  g/cc  is  conflicting. 


INTRODUCTION 

Data  on  the  change  of  detonation  velocity  and 
Chapman-Jouguet  pressure  vs  initial  HE  den¬ 
sity  Q0  have  been  used  to  test  the  reliability  of 
theoretical  models  of  HE  detonation  products 
equation  of  state  (EOS).  Ree’s  theoretical  model 
for  9404  predicts  rather  abrupt  changes  in  these 
variables  at  approximately  g0=1.15  and  1.56 
g/cc.  (14)  The  former  change  is  due  to  the 
solidification  of  carbon;  the  latter  to  the  forma¬ 
tion  ui  a  separate,  nitrogen-rich  phase.  This 
paper  will  compare  Ree’s  prediction  with  these 
data  for  HMX  and  RDX  explosives.** 

DISCUSSION 

In  order  to  compare  theoretical  detonation 
velocities  with  experiments,  it  is  necessary  to 
convert  all  the  experimental  data  D  to  the 
dc  nation  velocity  at  infinite  charge  diameter 
Dr  nis  is  not  a  straightforward  procedure  for 
a  number  of  reasons.  The  first  is  simply  that  the 
charge  diameter  d  is  not  always  given;  D  was 


often  measured  as  an  adjunct  to  some  other  ex¬ 
periment,  so  little  care  was  given  to  clearly 
reporting  how  the  experiment  was  done.  In  ad¬ 
dition,  the  obvious  method  of  extrapolating  D 
to  infinite  diameter  is  to  plot  D  vs  1/d  and  let 
1/d  go  to  zero.  However,  this  method  is  not 
universally  accepted.  (4) 

Finally,  it  seems  to  be  of  dubious  value  to  ex¬ 
trapolate  D  in  a  case  where  the  incremental  D 
is  less  than  the  uncertainty  in  the  data.  In  Ref. 
6,  there  are  enough  data  to  get  good  statistics 
at  given  values  of  Q0  and  d.  (See,  for  example, 
the  data  at  Q0~  1.2  g/cc  and  d=76.2  mm.)  These 
data  show  an  RMS  uncertainty  of  0.3%,  which 
translates  to  12  to  27  m/s  for  D  between  4000 
and  9000  m/s.  (These  same  data  also  show  an 
RMS  uncertainty  in  Q0  to  be  about  0.2%. ) 

Consequently,  some  judgment  is  required  to 
determine  Dj.  Fortunately,  the  corrections  were 
small,  usually  less  than  20  m/s  with  the  largest 
being  60  m/s. 


♦Work  performed  under  the  auspices  of  the  U.S,  Department  of  Energy  by  the  Lawrence  Liver¬ 
more  National  Laboratory  under  the  contract  no.  W  7405-ENG-48. 

**RDX  and  HMX  are  homologous  nitramines  of  the  family  (CH2N202)n  where  n  is  3  for  RDX  and 
4  for  HMX.  Theoretical  maximum  density  of  RDX  is  1.8  g/cc  and  1.9  for  HMX.  The  heat  of  forma¬ 
tion  is  14.7  Kcal/mo'e  for  RDX  and  17.9  k..  HMX.  Additionally,  early  U.S.  produced  RDX  contained 
'v10%  HMX,  and  HMX  '^2-10%  RDX.  We  can  compare  data  for  RDX  and  HMX  with  calculations 
for  PBX  9404  because  9404  is  ~94%  HMX. 
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TABLE  1 

HMX  and  RDX  Detonation  Velocity  vs  Density 


HE 

Qo 

glee 

Di 

km/s 

D 

km/s 

Maximum  Charge 
Diameter  (mm) 

Reference 

RDX 

0.53 

4.06 

4.00 

30 

8 

HMX 

0.533 

— 

3.92 

76 

10 

RDX 

0.56 

4.07 

4.05 

40 

1 

HMX 

0.561 

— 

3.98 

76 

10 

RDX 

0.61 

4.43 

4.390 

30 

8 

RDX 

0.70 

4.82 

4.780 

30 

8 

RDX 

0.70 

4.67 

4.65 

40 

1 

HMX 

0.750 

— 

4.88 

76 

10 

RDX 

0.80 

5.27 

5.240 

30 

8 

RDX 

0.899 

5.603 

— 

78 

6 

RDX 

0.90 

5.81 

5.750 

20 

8 

RDX 

0.95 

5.82 

5.80 

40 

1 

RDX 

0.986 

5.925 

— 

76 

6 

RDX 

0.999 

5.935 

— 

76 

6 

HMX 

1.00 

— 

5.80 

(25) 

10 

RDX 

1.00 

6.10 

6.040 

20 

8 

RDX 

1.0 

6.05 

6.03 

40 

12 

RDX 

1.013 

6.100 

— 

76 

6 

RDX 

1.03 

6.0 

6.0 

60 

11 

RDX 

1.048 

6.188 

— 

78 

6 

RDX 

1.070 

6.28 

6.26 

40 

1 

RDX 

1.10 

6.45 

6.45 

19 

4 

HMX 

1.10 

— 

6.21 

(25) 

10 

RDX 

1.10 

6.20 

6.18 

40 

1 

HMX 

1.148 

— 

6.42 

(25) 

10 

HMX 

1.189 

6.713 

6.674 

25 

5 

RDX 

1.199 

6.723 

— 

102 

6 

HMX 

1.20 

— 

6.58 

(25) 

10 

HMX 

1.20 

— 

6.51 

(25) 

10 

RDX 

1.20 

6.77 

6.75 

(40) 

3 

RDX 

1.29 

7.02 

7.00 

40 

1 

HMX 

1.30 

— 

6.93 

(25) 

10 

HMX 

1.30 

— 

6.99 

(25) 

10 

HMX 

1.388 

— 

7.21 

(25) 

10 

HMX 

1.40 

— 

7.20 

(25) 

10 

HMX 

1.40 

— 

7.30 

(25) 

10 

RDX 

1.40 

7.46 

7.44 

(40) 

3 

RDX 

1.401 

7.426 

— 

146 

6 

RDX 

1.44 

7.53 

7.53 

60 

11 

RDX 

1.46 

7.62 

7.60 

40 

1 

HMX 

1.50 

— 

7.53 

(25) 

10 

RDX 

1.501 

7.692 

— ■ 

25 

6 

HMX 

1.529 

— 

7.68 

(25) 

10 

HMX 

1.59 

— 

7.85 

(25) 

10 

RDX 

1.59 

8.12 

8.10 

(40) 

3 

RDX 

1.60 

8.15 

8.13 

40 

1 

HMX 

1.60 

— 

7.91 

(25) 

10 

RDX 

1.60 

8.099 

— 

150 

2 

HMX 

1.602 

— 

8.01 

(25) 

10 

HMX 

1.613 

— 

8.02 

(25) 

10 
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TABLE  1 
Continued 


HE 

Go 

g/cc 

Di 

km/s 

D 

km/s 

Maximum  Charge 
Diameter  (mm) 

Reference 

HMX 

1.613 

— 

8.01 

(25) 

10 

HMX 

1.624 

— 

8.08 

(25) 

10 

RDX 

1.63 

8.341 

8.341 

51 

13 

HMX 

1.652 

— 

8.10 

(25) 

10 

RDX 

1.665 

8.241 

— 

51 

6 

HMX 

1.693 

— 

8.42 

(25) 

10 

HMX 

1.695 

— 

8.26 

(25) 

10 

RDX 

1.72 

8.507 

— 

150 

2 

RDX 

1.72 

8.48 

8.46 

40 

1 

RDX 

1.753 

8.598 

— 

149 

6 

RDX 

1.755 

8.68 

8.66 

(40) 

3 

HMX 

1.763 

— 

8.58 

(25) 

10 

RDX 

1.766 

8.639 

— 

38 

6 

RDX 

1.767 

— 

8.639 

? 

7 

HMX 

1.832 

— 

8.74 

(25) 

10 

HMX 

1.838 

— 

8.85 

(25) 

10 

KMX 

1.847 

— 

8.85 

(25) 

10 

HMX 

1.875 

— 

8.88 

(25) 

10 

HMX 

1.891 

9.13 

9.11 

(25) 

9 

Table  1  gives  the  values  for  D  at  the  max¬ 
imum  charge  diameter  and  Dj.  Values  for  d  in 
parentheses  are  very  uncertain.  The  data  in 
Refs.  2  and  6  are  so  copious  that  statistical  fluc¬ 
tuations  can  be  clearly  seen;  i.e.,  even  if  d1<d2, 
Dt  might  not  be  less  than  D2.  Therefore,  no 
values  for  D  are  listed.  The  data  of  Kurrle  (10) 
and  the  single  points  from  Refs.  5  and  9  are  the 
only  results  for  HMX.  The  latter  values  of  D 
agree  with  the  RDX  data  while  Kurrle’s  results 
are  systematically  low  by  ^150  m/s.  No  ex¬ 
planation  of  this  has  been  found.  Therefore,  it 
seems  meaningless  to  determine  D;  from 
Kurrle’s  data.  However,  Kurrle’s  results  have 
one  distinct  advantage;  they  cover  a  large  den¬ 
sity  range,  0.533  <  Q0<  1.875.  Therefore, 
assuming  these  data  to  be  internally  consistent, 
the  shape  of  the  D  vs  q0  curve  for  these  data 
alone  should  prove  a  good  test  of  Ree’s  theory. 


(1,  6)  Because  of  the  wealth  of  data  at  po=1.00 
in  Ref.  6,  I  have  assumed  that  the  value  of  D 
there  is  most  likely  correct  in  the  absolute  sense. 
Therefore,  I  have  simply  normalized  the  data 
of  Stesik  and  Shvedova  at  this  point. 

COMPARISON  OF  THE  DATA  WITH 
REE’S  THEORY 

Figure  1  shows  a  comparison  of  the  low- 
density  data  (.5<p0<1.5)  with  the  prediction  of 
Ree.  All  the  data,  except  for  Ref.  5,  are  for  RDX, 
while  the  calculation  is  for  PBX  9404.  Ree’s 
prediction  appears  to  agree  well  v/ith  the  data 
except  at  the  lowest  values  of  Q0  where  it  is 
slightly  too  high.  The  data  point  of  Krivchenko 
et  al.  (11)  at  go=1.03  is  given  with  only  two 
significant  figures  which  may  explain  why  it  is 
low  by  A-'1.5%  when  compared  with  Ree.  More 
puzzling,  however,  is  the  data  point  of  Kuznet¬ 
sov  and  Shvedov  (1)  at  p0=l.l.  All  their  other 
data  agree  well  with  Ree’s  theory  as  well  as  with 
the  other  experimental  data.  This  point  is  not 


Finally,  the  data  of  Setsik  and  Shvedova  (8) 
are  consistently  high  by  about  150  m/s,  yet  the 
slope  is  the  same  as  the  other  low-density  data. 
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only  Aj3%  low  compared  with  Ree’s  theory,  it 
is  even  lower  than  the  data  from  the  same 
source  at  go=1.07.  Figure  2  shows  the  same 
comparison  for  the  HMX  data  of  Kurrle.  Again, 
the  theory  and  experiment  are  in  reasonable 
agreement. 

While  neither  of  these  comparisons  should  be 
considered  definitive,  they  do  lend  some  cre¬ 
dence  to  Ree’s  theory  that  carbon  appears  as 
a  solid  in  the  detonation  products  for  an  initial 
HE  density  less  than  1.15  g/cc. 

Figure  3  shows  the  same  comparison  for  the 
high-density  (1.2<e0<1.9)  data.  Again,  all  the 
data  except  for  Refs.  5  and  9  are  for  RDX.  The 
nitrogen-rich  phase  predicted  by  Ree  to  occur 
at  g0=1.56  g/cc  does  not  show  in  the  ex¬ 
perimental  data.  Indeed,  Fig.  4  shows  that  these 
data  can  be  represented  very  well  by  a  linear  fit. 


In  addition,  the  HMX  data  of  Kurrle  can  also 
be  represented  by  a  straight  line  with  essential¬ 
ly  the  same  slope  (see  Fig.  5). 

Besides  measuring  D  vs  Qc  Kurrle  also 
measured  the  Chapman- Jouguet  pressure,  P^j. 
These  results  are  compared  with  Ree’s  predic¬ 
tion  in  Fig.  6.  The  experimental  data  are  nor¬ 
malized  to  Ree’s  theory  at  g0=1.2  by  subtrac¬ 
ting  3  GPa  from  all  the  data.  This  is  not  un¬ 
reasonable  because  pure  HMX  should  have 
higher  CJ  pressures  than  PBX  9404. 

Ree  has  difficulty  in  unambiguously  deter¬ 
mining  PCJ  in  the  two-phase  region, 
1.56<p0<1.72;  the  dashed  line  in  the  figure  is 
a  visual  aid  only.  However,  there  is  an  indica¬ 
tion  in  the  data  of  a  break  in  the  PCj  vs  p0 
curve  at  g0~1.51,  not  far  from  Ree’s  predicted 
value  of  1.56. 


Fig.  1  Comparison  of  experimental  data  and  theoretical  prediction  for  detonation  velocity  vs  initial 
HE  density.  All  data  for  RDX  except  for  Ref.  5 
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Fig.  2.  Comparison  of  experimental  data  for  HMX  and  theoretical  prediction  for  detonation  velocity 
vs  initial  HE  density 


Fig  3.  Comparison  of  experimental  data  and  theoretical  prediction  for  detonation  velocity  vs  initial 
HE  density.  All  data  for  RDX  except  for  Refs.  5  and  9 
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Fig.  4.  Comparison  of  experimental  acta  and  a  linear  fit  for  detonation  velocity  vs  initial  HE  density. 
All  data  for  RDX  except  for  Refs.  5  and  9 


Fig  5.  Comparison  of  experimental  data  for  HMX  and  a  linear  fit  for  detonation  velocity  vs  initial 
HE  density 
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PCJ  is  a  more  sensitive  measure  of  the 
reliability  of  a  theory  than  is  D.  Additional  ex¬ 
periments  should  be  undertaken  to  measure 
PCj,  or  some  related  quantity  like  particle 
velocity,  to  see  if  a  break  exists  and  if  so  at  what 
value  of  q0. 

For  the  sake  of  completeness,  in  Table  2,  I 
have  listed  values  of  Pqj  vs  q0  for  RDX.  All  but 
Ref.  7  are  from  the  Russian  literature.  As  with 
the  data  for  D,  there  are  many  papers,  but  few 
authors.  Consequently,  it  is  hard  to  know 
whether  a  set  of  data  is  new  or  simply  a  reitera¬ 
tion  of  other  work.  For  example,  Dremin  and 
Shevdov  (15)  give  3  data  points  at  po=1.0, 1.59 
and  1.72  g/cc  where  the  values  of  Pqj  are  within 
0.15  GPa  of  the  data  in  Refs.  1  and  12. 


Fig.  6.  Comparison  of  experimental  data  for 
HMX  and  theoretical  prediction  for  Chapman- 
Jouguet  pressure  us  initial  HE  density 


TABLE  2 

Chuprnan-Jouguet  Pressure  vs  Initial  Density  for  RDX 


e0te/cc> 

PCJ(GPa) 

Ref. 

0.56 

3.16 

1 

0.70 

4.72 

1 

0.95 

9.46 

1 

1.0 

8.85 

12 

1.03 

9.50 

11 

1.07 

11.60 

1 

1.10 

12.00 

1 

1.20 

15.2 

3 

1.29 

16.40 

1 

1.40 

21.3 

3 

1.44 

19.52 

11 

1.46 

20.80 

1 

1.59 

28.70 

3 

1.60 

26.00 

1 

1.63 

28.3 

13 

1.72 

30.85 

1 

1.755 

36.6 

3 

1.767 

33.79 

7 
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WHICH  EQUATION  OF  STATE  FOR  CARBON 
IN  DETONATION  PRODUCTS? 


J.  Baute,  R.  Chirat 
Commissariat  a  l’Energie  Atomique 
B.P.  n°  27  -  (94190)  Villeneuve-St-Georges  (France) 
Now:  B.P.  n°7  *  77181  Courtry  (France) 


We  present  an  improved  self  consistent  version  of  our  WCA4  equa¬ 
tion  of  state  for  the  fluid  phase  in  detonation  products.  From  the 
study  of  CO,  CH4  and  aromatic  hydrocarbons,  a  possible  behaviour 
of  the  solid  carbon  phase  appearing  in  their  decomposition  products 
is  deduced.  This  interpretation  applied  to  calculate  Chapman-Jouguet 
properties  of  high  carbon  CHNO  explosives  allows  to  obtain  excellent 
agreement  between  theoretical  and  experimental  results.  Carbon  in 
detonation  products  can  be  diamond,  as  predicted  by  its  phase 
diagram,  or  in  some  graphite-like  phase  even  if  its  phase  diagram 
would  imply  diamond  formation. 


I  -  INTRODUCTION 

The  most  part  of  recent  theoretical  studies  on 
high  explosives  detonation  properties  uses 
statistical  mechanics  equations  of  state  (EOS) 
(1,2,3).  in  order  to  treat  the  chemical  equilibrium 
existing  behind  the  detonation  front.  In  addi¬ 
tion,  for  high  carbon  explosives,  it  is  necessary 
to  take  account  of  a  solid  carbon  phase.  In  pre¬ 
vious  papers  (1.4),  we  present  the  various  ver¬ 
sions  of  the  EOS  we  used  for  the  fluid  phase. 
Our  walk  in  building  our  last  version  is  based 
on  three  stages.  First,  we  choose  an  EOS  which 
gives  good  results  compared  with  Monte  Carlo 
(MC)  runs  for  given  potentials.  Secondly,  we  use 
a  fluid  mixture  treatment  which  agrees  with  MC 
results  for  binary  mixtures.  At  last,  we  deter¬ 
mine  the  potential  parameters  for  each  compon¬ 
ent  existing  in  detonation  products  by  fitting 
them  on  available  experimental  shock  Hugoniot 
data. 

As  pointed  out  in  ref.  (1),  WCA4  exhibits 
some  weakness  in  the  rang  a  of  high  density  and 
temperature  corresponding  to  shock  experi¬ 
ments  and  detonation  properties.  So,  in  part  1 1, 
we  present  new  modifications  of  our  fluid  EOS 
in  order  to  obtain  a  better  agreement  with  MC 
results. 


Ill,  after  examining  the  various  published 
phase  diagrams  for  carbon,  we  build  a  new  solid 
equation  of  state  in  order  to  introduce  the  dia¬ 
mond  phase  in  our  calculations. 

In  part  IV,  we  review  the  influence  of  the 
nature  of  the  carbon  phase  which  can  appear  in 
the  decomposition  products  of  simple  systems. 
We  first  examine  the  behaviour  of  two  of  the 
most  important  detonation  products:  carbon 
monoxide  CO  and  methane  CH4.  Moreover,  we 
study  son.-'  aromatic  hydrocarbons  which  can 
reach  under  shock  waves  some  states  close  to 
the  Chapman-Jouguet  points  of  high  carbon 
explosives. 

Finally,  in  part  V,  for  several  high  carboned 
CHNO  compositions,  we  compare  calculated 
and  experimental  CJ  properties  with  two  dif¬ 
ferent  assumptions  in  the  calculations:  solid  car¬ 
bon  exists  in  detonation  products  as  graphite 
or  as  diamond.  These  calculated  results  are  plot¬ 
ted  on  the  temperature-pressure  carbon  phase 
diagram. 

II  -  A  NEW  SELF-CONSISTENT  WCA 
EQUATION  OF  STATE 

As  we  remarked  in  ref.  (1),  our  WCA4  EOS 
is  less  accurate,  when  we  compare  its  results 
with  MC  simulations,  in  the  range  of  high 


Up  to  now,  we  have  treated  the  carbon  solid 
phase  as  a  graphite  phase,  with  the  Cowan- 
Fickett  type  EOS  by  Mader  (5).  In  part 
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density  and  temperature  reached  in  detonation 
conditions  for  solid  explosives.  This  drawback 
has  led  us  to  study  an  improved  version  which, 
from  now  on,  we  will  call  WCASC. 

1)  Fluid  EOS  principles 

WCA4  and  WCASC  methods  are  statistical 
mechanical  models  based  upon  a  simplification 
of  the  Weeks-Chandler- Andersen  theory  (6)  pro¬ 
posed  by  Verlet  and  Weis  n)  and  extended  to 
mixtures  by  Lee  and  Levesque  (8).  The  interac¬ 
tions  between  molecules  are  represented  by 
pairwise  additive  potentials  of  the  exp-6  type: 


vu(r)=  “ J+f  [SexplOjjd-  ~ ))— «5j(  -  )6] 

where  (Oy,  £y,  are  the  parameters 
associated  with  the  pair  of  chemical  constitu- 
ants  i  and  j.  In  practice,  we  only  need  the  poten¬ 
tial  parameters  for  the  interaction  between 
molecules  of  the  same  species  (i=j),  and  we  use 
the  classical  rules  of  mixtures: 

0Sj-  tij=(£ii  <*„=(*«  a//*  ■  (1) 

According  to  WCA’s  scheme,  thermody¬ 
namical  quantities  are  calculated  by  doing  a 
double  expansion  of  the  free  energy  corres¬ 
ponding  to  a  given  potential  Vy(r). 

At  first,  the  potential  is  divided  into  an  at¬ 
tractive  and  a  repulsive  part 

v,:(r) = vf;(r)4- v.P(r)  (2) 


v"(r)=vlj(r)+v  " 


ITl  r  s'  in 

for  r  <  rij 


Vy(r)=0 


for  r 


where  ry  and  -  Vy  correspond  to  the 
minimum  of  potential.  The  configurational  free 
energy  can  be  written: 

A  =  A°+AP  (31 

For  both  methods,  we  use  the  approximated 
expression  of  the  first  order  perturbation  term 
Af‘,  given  and  explained  before  (eq  (17)  in  ref. 
(1)1.  In  spite  of  Ree’s  remark  (2),  we  have  not 
yet  revised  this  term  because  of  the  numerical 
speed  of  this  approximation  and  the  good 
agreement  we  obtained  between  our  WCASC 
method  and  MC.  For  mixtures,  it  is  necessary 
to  notice  that  the  mixture  rules  (1)  only  in¬ 
fluence  this  perturbative  term. 

The  second  stage  in  the  WCA  method  is  the 
expansion  of  the  reference  repulsive  term  A0 


in  function  of  the  difference  between  the 
Boltzmann  factors  of  the  repulsive  fluid  and  an 
equivalent  hard  sphere  fluid: 

A°=AHS+dA+(orders  ^  2) 

Our  two  methods  WCA4  and  WCASC  differ 
by  the  criterion  used  to  determine  the  hard 
sphere  diameter.  The  former  calculates  a 
diameter  which  makes  the  term  dA  of  the  ex¬ 
pansion  to  be  zero.  This  is  the  original  WCA 
criterion  (6).  The  expression  of  this  diameter 
djj  is  given  and  justified  in  previous  works  (4a, 
4b).  The  we  get: 

A°— Ahs  (4) 

In  the  latter,  we  use  the  self  consistent 
criterion  proposed  by  Verlet  and  Weis  (7).  The 
diameter  is  calculated  in  order  to  obtain,  for  the 
reference  fluid,  the  same  value  of  the  pressure 
either  with  the  virial  equation  or  the  differen¬ 
tiation  of  the  free  energy  A0.  We  use  in  this 
case: 

Ao=AHS+kT  dA  (5) 

dA=-27ip  (^xidii3glidij)0  (6) 

where  T  is  the  temperature,  k  the  Boltzmann’s 
constant,  q  the  particle  density,  x;  the  molar 
fraction,  dy  the  equivalent  hard  sphere  diam¬ 
eter  given  by  eq.  25,  38  <n  ref.  (7b),  gM  the  con¬ 
tact  value  of  the  radial  distribution  function  of 
hard  spheres  (eq.  9-14  in  ref.  (9)  ),  dy  the  in¬ 
tegral  given  by  eq.  14,  15  in  ref.  (7b). 

Practically,  instead  of  the  expression  of  0 
given  in  ref.  (7b), 

0  =  \p-oxl2o0 

we  use  a  Taylor  expansion  up  to  the  fifth  order 
in  the  packing  fraction  q: 

0  =0.5— 0.75q— 2.659q2  +  1.679q3+4.491q‘1 
+5.427q5  (7) 

This  approximation  is  necessary  because,  for 
the  highest  values  of  q  obtained  in  the  pertur¬ 
bation  method,  the  original  term  becomes  in¬ 
significant  and  gives  aberrant  values  of  ther¬ 
modynamic  quantities. 

In  both  WCA4  or  WCASC  cases,  the  hard 
sphere  free  energy  is  deduced  from  the  MCSL 
theory  (10)  for  the  mixtures  of  hard  spheres  (cf. 
eq  13,  14  in  ref.  (D). 

2)  Comparison  with  Monte-Carlo  results. 

For  a  pure  fluid  represented  with  an  exp-6 
potential  (o=13.5),  Fig.  1  shows  the  compres- 
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Fig.  1.  Monte-Carlo  and  theoretical  isotherms  for  expo-6  potential  (a— 13,5) 


sibihty  factor  {[iPlQ)  and  the  reduced  configura¬ 
tional  energy  (/3E/N).  Plots  are  MC  results  (1 1) 
while  solid  curves  are  from  WCA4  and  dotted 
curves  from  WCASC.  We  have  to  keep  in  mind 
that,  for  the  majority  of  detonation  products, 
the  ranges  of  reduced  temperature  (T*=kT'£i() 
and  reduced  density  (p*=No3ii/V)  concerned 
by  the  detonation  properties  of  solid  explosives 
or  shock  experiments  are  respectively: 

10<T*<100  0<e*<3.5 

So  we  can  see  on  Fig.  1  that  the  agreement 
betv/een  MC  and  WCASC  results  is  excellent. 
This  last  version  takes  out  WCA4's  lacks  in 
our  region  of  interest. 

3)  Complete  KOS 

To  the  configurational  free  energy'  calculated 
as  mentioned  above,  it  is  necessary  to  add  the 
contribution  of  the  various  energetic  levels  of 
the  free  molecules.  Assuming  ideal  mixture  at 
P=1  atmosphere  for  a  given  T,  we  add  the 
energetic  quantities  given  by  JANAF  tables 
(12),  by  the  mean  of  fits  used  by  C.  Mader  (13). 

Ill  -  CARBON  SOLID  PHASE  EOS 

1)  Phase  diagram 

In  spite  of  extensive  studies,  the  phase 
diagram  of  carbon  is  not  yet  really  well  known. 


In  fact,  the  equilibrium  line  between  graphite 
and  diamond  is  the  only  part  established  be¬ 
yond  any  doubt.  This  line  has  been  determined 
by  calculations  (14)  and  experimentally  by 
Bundy  (15).  The  other  parts  of  the  diagram  are 
based  on  assumptions  deduced  from  experi¬ 
ments  or  theoretical  calculations  (15). 

The  phase  diagram,  proposed  by  Bundy  in 
1964  (15d)  exhibits  in  addition  to  the  graphite- 
diamond  equilibrium  line,  a  graphite-liquid  car¬ 
bon  equilibrium  line,  a  diamond-liquid  equilib¬ 
rium  line  from  the  experiments  made  by  Alder 
and  Christian  (16)  and  a  triple  point.  On  this 
diagram,  Bundy  added  two  iines,  correspon¬ 
ding  to  the  transition  from  metastable  graphite 
to  diamond,  based  on  shock  experiments  and 
the  transition  from  metastable  diamond  to 
graphite  founded  on  graphitization  of  diamond 
experiments. 

Afterwards,  studies  of  the  phase  diagrams 
of  Ge  and  Si  led  Bundy  to  propose  the  ex¬ 
istence  of  a  metallic  phase  (15).  This  hypothesis 
is  confirmed  by  experimental  results  (17). 

Grover  proposed  a  phase  diagram  (18)  using 
a  semi-empirical  model,  which  differs  slightly 
from  a  diagram  earlier  given  by  Van  Vechten 
(19).  Grover's  work  has  the  advantage  of  agree¬ 
ing  well  with  carbon  data  and  could  be  applied 
to  other  covalent  materials  (20).  Even  if  this 
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model  gives  a  good  representation  of  the 
diagram,  it  is  not  possible  to  describe  with  ther- 
modynamical  equilibrium  the  multiple 
metastable  phases  of  carbon.  For  example, 
what  could  be  the  treatment  for  vitreous  car¬ 
bon?  It  appears  that  hydrocarbon  decomposi¬ 
tion  under  static  pressure  gives  an  amorphous 
phase  of  carbon  (21).  So,  it  would  be  worthwhile 
to  derive  an  equation  of  state  for  this  kind  of 
phase,  to  establish  its  zone  of  existence  on  the 
phase  diagram  and  to  determine  the  conditions 
which  can  produce  it. 

2)  Graphite  equation  of  state 

Even  if  we  admit  that  the  phase  of  carbon 
occurring  in  detonation  products  is  graphite, 
the  determination  of  an  EOS  still  remains  ar¬ 
bitrary.  Actually,  many  studies  show  the  diver¬ 
sity  of  the  behaviour  of  graphite  during  shock 
experiments.  The  results  depend  on  the  origin 
and  porosity  of  the  samples  (22),  (23). 

For  these  reasons,  we  treat  graphite  in 
detonation  products  with  the  same  equation  as 
Mader  (5).  This  EOS  of  the  Cowan-Fickett  type 
gives  the  pressure: 

P=P,(c)+a(c)T+b(c)T2  (8) 

where  c  =  QjQ°c 

with  qc:  graphite  density 

Q°c:  highest  standard  graphite 
density=2.25  g/cm3 

The  different  terms  of  this  equation  are: 

—  P](c),  the  cold  curve  or  O-Kelvin  isotherm, 
if  we  compare  the  three  cold  curves  given  by 
the  original  Cowan-Fickett  (24),  Mader  (6)  or 
Kalitkin’s  (25)  equations,  we  notice  some  dis¬ 
crepancies  between  the  three  curves,  treating 
theoretically  a  graphite  of  density  2.25  g/cm3. 
For  pressures  below  50  GPa,  Mader’s  equation 
represents  a  graphite  more  compressible  than 
others,  behaving  as  if  its  density  were  about 
2  g/cm3.  Over  50  GPa,  Mader’s  0-Keivin 
isotherm  exhibits  some  non  physical  behav¬ 
iour.  However,  this  range  of  pressure  is  far 
from  the  existence  zone  of  graphite  even  if  it 
is  known  that  graphite  remains  stable  during 
shock  experiments  far  away  from  its  transition 
line  (23). 

-  a(c)  is  explained  by  Mader  in  (5). 


a(c)=a1+a2c 

with  a2=  (9) 

and  ai+a2=-~ -)v=v°  (10) 

neglecting  the  term  b(c)T2  (R  is  the  constant 
of  perfect  gas). 

—  b(c)  represents  the  electronic  contribution. 
b(c)  agrees,  within  a  few  percent  with  the 
results  obtained  by  Kormer’s  formulae  (26). 

3)  Diamond  equation  of  state 

For  a  diamond,  we  use  an  equation  of  the 
same  type,  for  an  initial  density  @£=3.512 
g/cm3,  which  corresponds  to  homogeneous 
diamond. 

The  first  term  is  an  analytical  fit  of  the 
0-Kelvin  isotherm  in  the  M-Phase  EOS  (27). 

Pj(c)  =  3.203—  1 2.7  4  lc+  11.722c2  — 2.522c3 
+0.336C4  (11) 

As  Mader  did  for  graphite,  we  obtain  for 
diamond 

a(c)=— 0.19767 +0.4232c  (12) 

For  the  electronic  contribution,  the  term  b(c) 
is  the  same  for  diamond  as  for  graphite. 
Moreover,  this  contribution  is  not  very  large 
for  temperatures  corresponding  to  detonation 
properties. 

For  the  graphite  1 -atmosphere  isobar,  the 
contribution  of  temperature  is  calculated  with 
Mader’s  fit  (13)  of  JANAF  tables.  For  dia¬ 
mond,  in  this  work,  we  use  the  last  fit  given 
by  Nellis  et  al.  in  ref.  (28).  This  expression  gives 
energetic  values  which  diverge  rapidly  from 
those  obtained  by  Barin  and  Knacke,  and  used 
in  ref.  (29)  to  interpret  CO  Hugoniot  data.  The 
divergence  between  the  two  fits  for  diamond 
explains  the  relative  disagreement  between 
this  work  and  ref.  (29)  on  CO  Hugoniot. 

IV  -  CO,  CH  AND  HYDROCARBONS 
HUGONIOTS 

We  emphasize  that,  in  our  ETARC  code  (1), 
Hugoniots  are  calculated  by  solving  the 
equation: 

E-E0='/2(P+P0)  (V0-V)  (13) 

for  a  given  pressure,  where 

•  E  is  the  internal  energy  at  given  (P,V) 
conditions. 

•  E0,  P0,  V0  are  the  energy,  pressure  and 
volume  for  the  initial  state. 
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For  the  next  results,  where  we  assume  (P,T) 
equilibrium  between  components,  the  composi¬ 
tion  of  the  solid-fluid  mixture  is  obtained  by 
minimizing  the  Gibbs  free  energy  for  given 
(P,T)  conditions  obtained  by  eq.  (13).  Chapman- 
Jouguet  (CJ)  points  are  calculated  by  locating 
the  minimum  of  detonation  velocity  on  the 
reactive  Hugoniot.  For  fluid  components,  the 
potential  parameters  used  are  the  same  as  in 
ref.  (1). 

As  far  as  the  detonation  products  are  con¬ 
cerned,  three  very  important  components  can 
be  influenced  by  the  possible  existence  of  a  car¬ 
bon  phase  in  the  products  of  their  decomposi¬ 
tion  under  shock:  carbon  dioxyde  CO2,  carbon 
monoxyde  CO  and  methane  CH4.  In  the  case 
of  C02,  there  are  still  many  outstanding  ques¬ 
tions  on  the  interpretation  of  the  experimen¬ 
tal  Hugoniot.  So  we  do  not  think  it  could  be 
worthwhile  to  discuss  it  since  no  more  ex¬ 
perimental  results  are  available. 

On  the  contrary,  there  are  many  experimen¬ 
tal  informations  on  hydrocarbons  (31,32,28) 
which  seem  to  reach  along  their  Hugoniots 
some  state  neighbouring  CJ  points  of  solid  ex¬ 
plosives.  Then,  it  is  interesting  to  try  to  inter¬ 
pret  their  behaviour  in  connection  with  carbon 
in  detonation  products. 

In  this  part,  all  our  calculated  results  are 
made  with  the  YVCASC  version  of  the  fluid 
EOS  while  the  potential  parameters  are  those 
given  in  ref.  (1).  One  could  observe  that  the 
third  stage  of  our  walk  in  obtaining  a  good 
EOS  (i.e.  fitting  potential  parameters  on  ex¬ 
perimental  results  with  the  considered  EOS)  is 
not  respected.  In  fact,  in  this  part  of  the  paper, 
we  include  in  our  calculations  only  C02,C0, 
02,  H2  and  CH4,  among  the  possible  fluid 
detonation  products;  we  have  not  fitted  the 
potential  of  the  two  former  components  on 
Hugoniot  curves.  We  use  corresponding  state 
laws  as  it  is  done  in  ref.(33).  Oxygen  only  ap¬ 
pears  in  negligible  amount  into  CO  decomposi¬ 
tion  products  and  its  potential  does  not  in¬ 
fluence  the  results.  Theoretical  H2  Hugoniot 
is  not  really  changed  by  the  choice  of  WCA4 
or  WCASC.  So,  from  ref.(l),  only  CH4  would 
need  a  revised  potential.  The  coefficients  were 
determined  assuming  inert  CH4.  But  we  do 
not  modify  it,  because  with  a  new  interpreta¬ 
tion,  experimental  results  and  calculations 
agree  within  the  experimental  uncertainties. 


1)  Carbon  monoxide  Hugoniot 

Nellis  et  al.  (29)  published  experimental 
results  on  shock  compression  of  liquid  CO 
together  with  a  theoretical  intrepretation 
which  assumed,  for  pressures  higher  than  10 
GPa  a  decomposition  giving  CO,  C02,  02  and 
diamond.  With  our  detonation  products 
WCASC  EOS,  we  calculate  the  Hugoniot  for 
CO  with  the  three  different  assumptions: 

i)  CO  remains  inert 

ii)  CO  gives  an  equilibrium  mixture  of  CO, 
C02,  02  and  graphite 

iii)  CO  behaves  as  before  but  gives  diamond 
instead  of  graphite 

The  initial  conditions  of  the  calculations  are: 
E0=  -4.199  MJ/kg  V0=  1.239  cm3/g. 

On  Fig.  2,  we  compare  the  three  calculations 
with  the  experimental  results.  Assumption  i) 


Fig.  2.  Carbon  monoxyde  Hugoniot 

gives  an  excellent  agreement  with  experiment 
up  to  10  GPa.  The  conclusion  is  that  CO  re¬ 
mains  inert  in  this  range  of  pressure. 

Even  if  the  two  other  hypotheses  do  not  give 
very  different  curves,  iii)  is  the  best  one  for 
pressures  over  20  GPa.  But  for  pressures  be¬ 
tween  20  and  50  GPa,  we  remain  out  of  error 
bars.  So  we  can  say  that  this  hypothesis  is  not 
the  right  one.  This  conclusion  is  not  in  con¬ 
tradiction  with  the  values  of  temperature 
calculated  along  the  Hugoniot.  From  20  to  50 
GPa,  we  find  temperatures  from  5700  to  8000 
K,  which  is  far  away  the  range  of  temperature 
where  diamond  exists,  according  to  Bundy, 
Van  Vechten  or  Grover's  phase  diagram.  Car¬ 
bon  would  have  to  be  in  the  liquid  metallic 
state.  As  it  is  shown  by  Grover  on  Fig.  3  of  ref. 
(18),  this  phase  is  more  compressible  than 


diamond.  This  behaviour  would  be  the  good  one 
to  improve  our  theoretical  results.  However,  the 
validity  of  a  statistical  mechanics  EOS  with 
exp-6  potential  would  have  to  be  revised.  Ac¬ 
tually,  even  if  we  could  treat  two  separated 
phases,  admitting  demixtion  between  the  liquid 
metallic  phase  and  the  molecular  fluid,  the 
range  of  temperature  reached  could  introduce 
ionization  phenomena,  especially  for  the  two  up¬ 
per  points. 

As  a  conclusion  for  CO,  we  will  only  say  that 
this  component  seems  to  set  some  different 
problems  than  those  which  arise  from  solid 
explosives  detonation. 

2)  Methane  Hugoniot 

Fig.  3  shows  a  similar  work  for  methane. 
Experimental  points  come  from  ref.  (29).  Theo¬ 
retical  Hugoniots  have  been  calculated  with  in¬ 
itial  conditions: 

E0=-4.68  MJ/kg  V0= 2.365  cm3/g. 


The  same  three  hypotheses  as  for  CO  have 
been  used.  Il2  and  Cll4  replacing  C02,  02  and 
CO  The  theoretical  result  is  less  influenced  for 
CH  t  than  for  CO  by  the  various  assumptions. 
Hut  in  the  same  way,  we  have  to  admit  dissocia¬ 
tion  to  obtain  the  best  agreement  for  pressures 
above  20  GPa.  The  diamond  hypothesis  allows 
the  theoretical  curve  to  lie  within  the  experimen¬ 
tal  error.  All  along  the  Hugoniot  curve,  CH4 
is  getting  more  dissociated  when  the  pressure 
increases  At  20  OPa.  only  one  third  of  CII4 
molecules  are  dissociated  into  H2  et  C  dia¬ 
mond.  Two  thirds  are  dissociated  near  50  GPa. 
The  high  temperature  problem  which  arises  for 
CO  does  not  appear  for  CH4,  except  for  the 
highest  experimental  point  on  Fig.  3.  From  20 
to  40  GPa,  temperature  only  increases  t-om 
2100  to  4000  K,  what  corresponds  exactly  to 


diamond  existence  zone. 

3)  Aromatic  hydrocarbons  Hugoniots 

In  this  part,  we  present  the  theoretical 
Hugoniots,  for  different  aromatic  hydrocar¬ 
bons,  computed  with  our  ETARC  code,  suppos¬ 
ing  complete  dissociation  in  H2,  CH4  and  solid 
carbon  (graphite  or  diamond).  We  do  not  take 
account  of  other  hydrocarbons  (28)(32)  because 
we  limit  this  study  to  explosive-close  molecular 
structures.  Indeed,  the  majority  of  CHNO  ex¬ 
plosives  have  aromatic  ring  structure.  So,  we 
can  expect  that  a  good  interpretation  of 
hydrocarbons  Hugoniots  data  for  the  range  of 
temperature  and  pressure  obtained  in  detona¬ 
tion  could  give  some  information  about  ex¬ 
plosive  decomposition. 

On  the  opposite  of  F.H.  Ree  in  ref.  (32)  we  in¬ 
clude  CH.j,  in  our  calculated  Hugoniots,  in  ad¬ 
dition  to  solid  carbon  and  H2.  For  the  highest 
pressures,  only  a  little  amount  of  methane  is 
present  among  the  products  and  there  is  no 


significant  change  if  we  omit  or  include  CH4. 
Hut,  for  lower  pressures  (4  20  GPa)  the  percent¬ 
age  of  CH4  increases  with  decreasing  pressure. 

Fig.  4.  shows  the  Hugoniot  for  benzene.  Ex¬ 
perimental  results  come  from  ref.  (30)  and  (28). 
Between  17  and  45  GPa,  the  hypothesis  assum¬ 
ing  that  benzene  dissociates  completely  into  dia¬ 
mond  and  a  fluid  mixture  H2— CH4  gives  an  ex¬ 
cellent  agreement  with  experiments.  At  a 
pressure  of  45  GPa,  the  calculated  temperature 
reaches  5000K.  So,  it  is  not  surprising  that 
above  50  GPa,  our  theoretical  curve  leaves  the 
experimental  points  because  the  diamond  phase 
does  not  exist  for  such  a  temperature.  Below  15 
GPa,  our  calculations  which  assume  decomposi¬ 
tion  giving  graphite  agree  with  experiments 
within  the  same  order  than  calculations  (28)  for 


a  non  reactive  benzene.  This  could  mean  that 
when  pressure  increases,  benzene  could  begin 
to  decompose  giving  some  graphite-like  phase, 
without  an  evident  phase  transition  on  the 
Hugoniot  curve. 


For  toluene,  an  intermediate  zone  seems  to 
exist  between  10  and  17  GPa. 


Fig  ()  Anthracene  and  Phenanthene  Hugoniots 

Fig  b  shows  that,  for  this  range  of  pressure,  the 
graphite  assumption  gives  a  good  agreement 
theory-experiment  (30),  while,  as  for  benzene, 
the  diamond  hypothesis  is  better  over  1 7  GPa. 

In  the  case  of  phenanthrene  or  anthracene 
<3 1 ).  Fig.  (5  exhibits  a  higher  pressure  for  the 
transition  into  a  mixture  with  diamond:  25  GPa. 
On  the  contrary,  the  range  of  temperature  is  the 
same  for  the  four  hydrocarbons.  The  diamond 
phase  appears  when  the  temperature  exceeds 
2500  K 

We  can  conclude  that  the  presence  of  diamond 
m  decomposition  products  of  hydrocarbons  re¬ 
quires  a  sufficient  pressure,  higher  than  the  one 
predicted  by  its  phase  diagram,  and  a  minimum 
temperature  is  needed  to  allow  the  carbon 
atoms  to  move  in  order  to  build  a  new  pha«*e. 
When  temperature  is  not  sufficient,  it  seems 


that,  even  if  some  decomposition  appears,  the 
initial  carbon  structure  can  remain  and  behaves 
as  if  it  were  graphite. 

For  these  hydrocarbons,  CO  and  CH4  (all  of 
them  decomposed  giving  diamond)  and  for 
graphite  and  diamond,  Fig.  7  shows  the 
calculated  Hugoniots  plotted  on  Grover’s  phase 
diagram.  We  can  notice  again  the  very  high 
temperature  for  CO  compared  to  the  other 
studied  products.  On  this  diagram,  the  area 
where  we  find  a  great  part  of  CJ  points  for  solid 
explosives  is  indicated.  We  can  see  that  in¬ 
cluding  diamond  in  the  treatment  of  the  detona¬ 
tion  could  be  worthwhile. 

V.  CHAPMAN-JOUGUET  PROPERTIES 
FOR  HIGH  CARBON  CHNO 
EXPLOSIVES 

After  using  it  to  treat  simple  mixtures,  we 
now  use  our  equation  of  state  for  diamond  in 
order  to  calculate  CJ  points  for  high  carbon 
CHNO  explosives.  This  is  done  with  our  WCA4 


Fig.  7.  Various  Hugoniots  on  Grover's  P—T 
carbon  phase  diagram  (18) 

equation  of  state  for  the  fluid  mixture,  com¬ 
posed  of  H.,0.  N<2.  CO,  C02,  CH.,,  NH;j,  NO,  02, 
Ho  (we  could  eventually  include  other  sub¬ 
stances  but  the  calculations  presented  in  this 
paper  are  limited  to  this  list).  We  have  per¬ 
formed  these  calculations  without  an  equilib¬ 
rium  between  the  two  possible  carbon  phases 
but  supposing  that  carbon  is  either  completely 
graphite  or  completely  diamond. 

Nine  highly  carboned  explosives  have  been 
studied:  TATB,  DATB,  ZTACOT.  TNT,  liquid 
TNT,  HNS,  Tetryl,  Composition  B  and  ABH. 
Table  I  gives  for  each  explosive: 

-  detonation  velocity  D,  pressure  P  and 
temperature  T  for  the  various  experiments  or 
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calculated  with  graphite  or  calculated  with  dia¬ 
mond  at  the  CJ  point. 

-  relative  error  between  theoretical  and  ex¬ 
perimental  values. 

-  thermochemical  data  used  in  calculations  for 
the  different  explosives  (chemical  formula,  ini¬ 
tial  density  Q0,  initial  energy  E0  of  undetonated 
explosive.) 

TABLE  I 


Name 
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From  Table  I.  we  can  see  that  except  for  liquid 
TNT,  ail  these  explosives  are  better  calculated 
with  the  diamond  hypothesis  than  the  graphite 
hypothesis  Among  them,  only  ZTACOT  has  not 
its  calculated  detonation  velocity  within  2% 
around  the  ev^  imental  velocity.  The  same  agree¬ 
ment  can  be  seen  for  CJ  pressure  when  experi¬ 
mental  results  exist,  even  if  the  measure  is  far 
less  precise  for  pressure  than  for  velocity.  This 
is  the  reason  why  we  give  two  results  for  close 


initial  densities  of  TATB,  for  which  the  two 
values  of  experimental  pressure  are  in  complete 
disagreement. 

Fig.  8  shows  the  various  calculated  CJ  points 
plotted  on  the  different  published  phase  diagrams. 
The  given  calculated  CJ  point  for  each  explosive 
is  the  one  which  gives  the  be3t  agreement  be¬ 
tween  theory  (graphite  or  diamond  carbon  phase) 
and  experiment.  We  can  see  on  Table  I  that  the 
tw'o  hypotheses  give  almost  the  same  temperature 
while  pressure  is  some  10%  higher  with  graphite 
instead  of  diamond.  The  three  theoretical  phase 
diagrams  agree  with  our  best  assumption  for 
TATB,  DATB  and  solid  TNT:  thermochemical 
equilibrium  gives  carbon  in  a  diamond  phase. 
ZTACOT,  HNS,  Tetryl,  Compo  B  and  ABH 
might  be  in  another  phase,  liquid  or  solid  metal. 


Fig.  8.  Calculated  CJ  points  on  various  P—T 
carbon  phase  diagrams 

Finally,  only  liquid  TNT  is  better  handled  with 
graphite  assumption.  This  fact  has  to  be  con¬ 
nected  with  hydrocarbons  behaviour.  For  this 
range  of  pressure,  they  seem  to  retain  some 
graphite-close  carbon.  Even  if  decomposition 
exists,  pressure  is  not  sufficient  to  break  the 
aromatic  ring  structures  which  can  be  trans¬ 
formed  into  hexagonal  basal  planes  of  graphite. 
On  Fig.  9,  we  can  see  that  for  solid  TNT  at  ini¬ 
tial  densities  lower  than  1.5  g/cm3,  the  gr  aphite 
assumption  allows  the  theoretical  results  to  be 
in  agreement  with  experimental  detonation 
velocities  within  1%.  For  upper  densities 
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(p0M.55  g/cm3),  the  equilibrium  which  gives 
diamond  is  more  or  less  reached.  The  problem 
of  this  interpretation  is:  which  conditions  allow 
the  equilibrium  to  be  reached? 


LOADING  DENSITY  d 


Fig.  9.  CJ  velccity  error  percent  between  ex¬ 
perimental  data  and  WCA4  with  graphite  for 
solid  TNT  (®  calculated  point  with  diamond) 

CONCLUSION 

We  have  developed  a  new  WCASC  EOS  which 
allows  us  to  obtain  better  agreement  between 
theory  and  MC  results  with  previous  WCA4. 

With  this  new  EOS,  the  study  of  some  deto¬ 
nation  products  (CO  or  CH.,)  or  aromatic  hydro¬ 
carbons  gives  information  on  the  possible  be¬ 
haviour  of  carbon  during  detonation  of  solid  ex¬ 
plosives.  Except  for  decomposed  CO  which 
seems  to  give  metallic  liquid  carbon  phase,  de- 
compostion  of  *hese  simple  carbon  substances 
can  be  interpreted  with  the  formation  of  a  dia¬ 
mond  phase,  on  the  condition  that  pressure  but 
also  temperature  are  sufficiently  high,  in  order 
to  break  initial  chemical  bonds  and  allow  a  good 
rate  of  formation  of  this  new  phase.  However, 
for  low  pressure,  (10-20  GPa),  the  interpretation 
is  not  so  clear  because  hydrocarbons  give  close 
theoretical  Hugoniots  if  they  are  supposed  in¬ 
ert  or  decomposed  with  a  graphite  phase. 

If  we  consider  now  the  Chapman- Jouguet 
temperature  and  pressure  range  for  some 
CHNO  explosive  compositions,  it  appears  that 
diamond  is  the  most  probable  carbon  phase 
which  can  exist  in  detonation  products.  Agree¬ 
ment  between  calculations  and  experiments 
confirms  this  hypothesis  for  TATB,  DATB  and 
solid  TNT.  We  obtain  also  an  excellent  agree¬ 
ment  for  Compo  B,  Tetryl,  ABH,  ZTACOT  and 
HNS  even  if  carbon  phase  diagram  would  im¬ 
ply  some  other  phase  than  diamond  or  graphite. 
For  liquid  TNT.  as  for  low  initial  density  solid 
TNT,  the  calculated  CJ  points  are  in  agreement 


with  experimental  results  if  carbon  is  assumed 
to  be  graphite,  even  if  P— T  conditions  are  those 
of  diamond  stability. 

This  fact  lets  us  think  that,  as  for  aromatic 
hydrocarbons,  we  do  not  reach  a  complete 
chemical  equilibrium  between  all  the  existing 
atoms.  So  it  seems  that  a  better  interpretation 
of  detonation  phenomenon  would  have  to  take 
into  account  chemical  kinetics  processes,  at 
least  to  simulate  the  decomposition  and  forma¬ 
tion  of  carbon  structures. 

ACKNOWLEDGEMENTS 

We  would  like  to  thank  G.  Pittion-Rossillon 
with  whom  we  began  this  work. 

REFERENCES 

1.  R.  Chiral,  G.  Pittion-Rossillon,  Seventh 
Symposium  on  Detonation  (Annapolis 
1981)  p.  703. 

2.  F.H.  Ree,  J.  Chem.  Phys.  81,  3,  p.  1251 
(1984). 

3.  M.S.  Shaw,  J.D.  Johnson,  (this  symposium) 

4.  R.  Chirat,  G.  Pittion-Rossillon. 

a)  J.  Chem.  Phys.  74,  p.  4634  (1981). 

b)  Comb,  and  Flame  45,  p.  147  (1982). 

5.  C.L.  Mader,  Numerical  Modeling  of  Detona¬ 
tions,  Los  Alamos  Series,  University  of 
California  Press  (1979). 

6.  H.C.  Anderson,  et  al.,  Phys.  Rev.  A 4,  4,  p. 
1597  (1971). 

7.  L.  Vcrlet,  J.J.  Weis. 

a)  Phys.  Rev.  A  5,  p.  939  (1972). 

b)  Mol.  Phys.  24,  5.  10x3  (1972). 

8.  L.L.  Lee,  D.  Levesque,  Mol.  Phys.  26,  p. 
1351  (1973). 

9.  T.M.  Reed,  K.E.  Gubbins,  Applied 
Statistical  Mechanics,  McGraw-Hill  (1973). 

10.  G.A.  Mansoori,  et  al.,  J.  Chem.  Phys.  54,  p. 
1523  (1971). 

11.  G.  Fiorese,  Thesis,  Universite  Pierre  et 
Marie  Curie  Paris  VI  (1981). 

12.  D.R.  Stull,  et  al.  JANAF  tables,  NBS. 

13.  C.L.  Madar,  LANL,  LA  3704  (1967). 

14.  R.  Berman,  F.  Simon.  Z.  Electrochem  59,  p.. 
333  (1955). 


15.  F.P.  Bundy. 

a)  J.  Chem.  Phys.  35.  p.  383  (1961). 

b)  J.  Chem.  Phys.  38,  p.  618  (1963). 

c)  J.  Chem.  Phys.  38,  p.  631  (1963). 

d)  J.  Chem.  Phys.  41,  p.  3809  (1964). 

16.  B.J.  Alder,  R.H.  Christian,  Phys.  Rev.  Lett. 
7,  p.  367  (1961). 

17.  L.F.  Vereshchagin,  et  al.,  High  Temp.  High 
Pres.  6,  p.  505  (1974). 

18.  R.  Grover,  J.  Chem.  Phys.  71,  p.  3824 
(1979). 

19.  J.A.  Van  Vechten,  Phys.  Rev.  B,  7,  p.  1479 
(1973). 

20.  R.  Grover,  F.H.  Ree,  Eighth  AIRAPT  Con¬ 
ference  UPSALA  (1981) 

21.  S.  Block,  et  al.  Science  169,  p.  586  (1970). 

22.  W.H.  Gust,  D.A.  Young,  High  Press 
Science  and  Technology  1,  Timmerhaus  and 
Barker,  Plenum  New  York  (1979). 

23.  R.G.  MacQucen,  S.P.  Marsh,  Proc.  of 
Symp.  on  High  Dyn.  Press.  (Paris)  Gordon 
and  Breach,  New  York  (1968). 

24.  R.D.  Cowan,  W.  Fickett,  J.  Chem.  Phys.  24, 
p  932(1956). 

25  N.N.Kalitkin,  l.A.  Govorukhina,  Sov.  Phys. 
Solid  State  7,  p.  287  (1965). 

26  S.B.  Former,  et  al.  Sov.  Phys  JETP  13,  p. 
477  (1962). 

27  ('.  Boissiere,  G.  Fiorese,  Rev.  Phys.  Appl. 
12,  p.  857  11977). 

28  W  J.  Nellis,  et  al.  J.  Chem.  Phys.  80,  p.  2789 
11984) 


29.  W.J.  Nellis,  et  al.  J.  Chem.  Phys.  75,  p.  3055 
(1981). 

30.  R.D.  Dick. 

a)  J.  Chem.  Phys.  52,  p.  6021  (1970). 

b)  J.  Chem.  Phys.  71,  p.  3203  (1979). 

31.  M.  Van  Thiel,  LLNL-UCRL  50108  (1977). 

32.  F.H.  Ree,  J.  Chem.  Phys.  70,  p  974  (1979). 

33.  M.  Ross,  F.H.  Ree,  J.  Chem.  Phys.  73,  p. 
6146(1980). 

34.  M.J.  Kamlet,  et  al. 

a)  J.  Chem.  Phys.  48,  p.  3685  (1968). 

b)  J.  Chem.  Phys.  48,  p.  43  (1968). 

DISCUSSION 

M.  VAN  THIEL,  Lawrence  Livermore  National 
Laboratory 

At  LLNL  we  have  calculated  the  TNT  C.J 
points  for  points  for  porous  and  normal  densi¬ 
ty  solid  TNT.  The  deviations  from  experiment 
indicated  a  transformation  from  a  graphite-like 
to  a  diamond-like  phase  near  20  GPa,  (well 
above  the  standard  diamond-graphite  phase 
transition  for  pure  carbon).  I  think  this  obser¬ 
vation  agrees  with  your  calculations? 

REPLY  BY  J.  BAUTE 

Our  calculations  show  metastable  graphite  at 
the  liquid  (or  low  density  solid)  TNT  CJ  points 
and  a  diamond  phase  for  solid  TNT  at  high 
density. 


THE  THEORY  OF  DENSE  MOLECULAR  FLUID  EQUATIONS 
OF  STATE  WITH  APPLICATION  TO  DETONATION  PRODUCTS 


M.  S.  Shaw  and  J.  D.  Johnson 
Los  Alamos  National  Laboratory 
Los  Alamos,  New  Mexico  87545 


A  very  accurate  perturbation  theory  for  the  thermodynamics  of  dense 
molecular  fluids  is  presented  and  compared  with  molecular  dynamics 
(MD)  simulations  for  N2  and  C02  ■  Application  of  the  theory  is  made 
to  detonation  products  resulting  in  very  good  agreement  with 
experiment. 


INTRODUCTION 

All  current  models  (1)  of  the  equation  of  state 
(EOS)  of  detonation  products  are  based  on 
spherical  potentials.  Given  a  thermodynamic 
theory,  these  potentials  are  usually  fit  to  experi¬ 
mental  data  using  that  thermodynamic  theory. 
When  one  looks  at  the  degree  of  anisotropy  of 
typical  molecules  in  HE  products  (the  N2-N2 
potential  varies  by  a  factor  of  20  with  orienta¬ 
tion  for  a  fixed  internuclear  separation  and  the 
C02-C02  potential  varies  by  3  to  4  orders  of 
magnitude),  it  is  not  at  all  obvious  that  spherical 
potentials  are  adequate.  In  fitting  to  Hugoniot 
data  for  the  individual  species,  the  pressure  and 
energy  on  the  Hugoniot  will  be  correct,  but  the 
temperature  may  not  be  accurate.  When  one 
then  calculates  the  EOS  of  a  mixture,  the 
temperature  is  important  in  determining  the 
equilibrium  composition.  Also,  in  the  mixture 
the  state  will  not  necessarily  be  near  the  condi¬ 
tions  on  the  Hugoniots  that  were  fit  by  the 
theory.  Therefore,  the  question  of  how  well  the 
EOS  extrapolates  away  from  the  Hugoniot  is 
important. 

PERTURBATION  THEORY 

Because  of  the  uncertainty  in  using  spherical 
potentials,  we  have  made  a  series  of  benchmark 
calculations  using  molecular  dynamics  (MD) 
with  realistic  anisotropic  potentials.  An  EOS 
calculation  using  MD  involves  solving 
Newton’s  equation  (F  =  ma)  for  a  collection  of 
particles  (usually  a  few  hundred)  with  periodic 
boundary  conditions  and  a  realistic  potential. 
Thermodynamic  quantities  are  then  obtained 


by  time  averages  of  appropriate  functions.  Fur¬ 
ther  details,  including  tables  of  results,  on  the 
MD  simulations  can  be  found  in  Refs.  (2)  and  (3). 


These  benchmark  values  of  the  EOS  enabled 
us  to  find  approximate  methods  that  gave  an 
accurate  representation  of  that  EOS  with  a  very 
small  cost  in  computer  time.  Using  a  perturba¬ 
tion  expansion,  a  spherical  reference  system 
was  determined  that  reproduces  the  thermo¬ 
dynamics  of  an  anisotropic  molecular  potential 
with  negligible  contribution  from  higher  order 
terms  (4).  For  a  given  anisotropic  potential,  this 
effective  spherical  potential  gives  pressures  and 
energies  good  to  1.5%  for  N2  in  the  region  of 
1.3  g/cnr3  <;  Q  £  2.3  g/cm3  and  500  °K  £  T  £ 
12000°K  (results  for  C02  agree  to  about  3%). 
These  results  help  justify  the  use  of  empirical 
spherical  potentials  for  the  equation  of  state  of 
detonation  products. 


Thermodynamic  perturbation  series  can  be 
formulated  in  a  fairly  general  form  as  shown  by 
Smith  (5).  The  configurational  part  of  the 
Helmholtz  free  energy,  A,  for  a  given  pair  poten¬ 
tial  u(r,Q)  can  be  expanded  in  a  Taylor  series 
about  a  reference  point  A0  given  by  a  pair 
potential  u0(r,Q).  This  is  done  by  defining  a 
potential  uy(r,Q)  subject  to  the  constraints 
uy=1(r,Q(  =  ulr.Q)  and  uy=o(r,Q)  =  u0(r,Q). 
Tnen  we  can  write 


dA  \ 

A  -A,.,-  A, 


v?!V)  ,  ■  .. 

2  ay2/x=°  (1) 


the  usual  Taylor  series  in  the  variable  y  The 
values  of  the  derivatives  can  be  obtained  from 
the  definition  of  A. 


Ay=  -  —  In  Qy  =  -  — f/n-i-  /  exp  <-/?U  )dRN]  ,  (2) 
<  f}  r  p  L  vN  y  J 

where  Qy  is  the  excess  part  of  the  partition  func¬ 
tion,  Tj:  =|  r  j  r  j| .  Uy  —  £  Z  uy(  r  ij’^ij^ 

z  i=1  fi'1 

and  R  includes  both  position  and  angular 
coordinates. 

Evaluating  the  first  two  derivatives,  we  have 
dAr  =  1  f  exp  (-/3UJdRN  (3) 

QyVN  J  dy 

and 

=  0(^1)  +  '  f  r  mr 

if  K  dy  ’  Q,V»  J  1  a  f 

rt  »  *  2 

-  ]exp  (~/3Uy)dRN  .  (4) 


where  R  is  an  odd  invertible  function  and  B  is 
a  parameter.  With  the  notation 


u(n>  =  a"ur 
0  ~-r— 


_  "Y\ 

Qyn)y=Q 


we  have 


ujn)  =  B^R^lRfBfuj— u0))]n  .  (9) 

where  RjM  E  dnR_1(x)/dxn  j  x_q.  Note 

that  uq2"1  =  0  for  all  values  of  n  because  R-1(x) 
is  also  odd.  This  sets  a  large  fraction  of  the  terms 
in  the  perturbation  series  to  zero.  From  Eq.  (7) 
and  (9),  we  see  that  a  sufficient 


condition  for 


)  «  =  0  » 
J  Y  =  0 


is  that 


/  f  R(B(u,-un  )  )  d£2  =  0 


Now  note  that  the  radial  distribution  function, 
gy(r12,Q12),  has  the  definition 

gy(ri2-»l2>=Q^/eXp  (-/UV  d  H  3  "  'd^N'(5) 

Thi..  is  the  probability  that  given  a  molecule  at 
Fj  with  orientation  coj,  there  is  a  molecule  at  ^ 
with  orientation  cu2. 

One  can  then  easily  show  that 


>-  fiL*  d3r,d3r2dQl2. 

2  V*  dy 


(6) 


For  the  choice  u0  spherical,  then  g0  is  also 
spherical  and  we  can  write 

.a.Ar)  ^jLy.kiyy  r^V.-A1)  dQ12.  (7) 

dyh~o  2  J  dy  ym0 


The  second  derivative  is  more  complicated 
because  the  idVyid  yF  term  requires  up  to  four 
particle  distribution  functions  and  care  must  be 
taken  with  certain  limits.  The  full  expression  is 
given  in  Smith  (5!.  For  our  purpose,  it  is  suffi¬ 
cient  to  recognize  that  each  term  in  the  higher 
derivatives  of  Ay  has  integrands  proportional  to 
products  of  derivatives  of  uy. 

We  have  restricted  the  class  of  perturbation 
theories  to  those  where  Uy(r,Q)  is  given  by 

R(B(Uy-u0))  =  yR(B(u, — u0»  (8) 


We  then  choose  u0(r)  such  that  Eq.  (10)  is 
satisfied  for  all  values  of  r. 

We  still  have  to  choose  a  functional  form  for 
R.  Note  that  if  Rj(n)  is  bounded  and  R(x) 
behaves,  at  worst,  like  (In  x)k  as  x  -*  <»,then 
u0,n)  will  be  small  for  large  values  of  B.  We  have 
used  R(x)  =  sinh-1  (x).  This  leads  to  simple 
values  for  Rj*n|;  i.e., 


R,tn>  =  0  ^  n  even 
1  1  if  n  odd 


(11) 


As  B  increases,  u0  rapidly  approaches  a  con¬ 
stant  value.  In  the  limit  of  B  “*•  00  this  is  just 
the  median  of  the  potential.  One  does  not  expect 
the  perturbation  series  to  converge  in  the  B  “* 
00  limit,  but  for  intermediate  values  of  B,  the 
series  can  converge  and  the  u0  obtained  is 
almost  identical  to  that  for  the  B  “*■  00  limit. 
Therefore,  in  practice  we  use  the  median  as  our 
choice  of  an  effective  spherical  potential.  One  can 
show 


<  0  because 


an),) 

sf ' 


for  our  choice  of  perturbation  theories,  So  to 
second  order,  the  smallest  choice  of  u0(r)  allow¬ 
ed  will  be  the  best.  This  also  leads  to  the  choice 
of  the  median,  except  for  parts  of  the  attractive 
well  which  are  not  important  at  these  densities 
and  temperatures. 
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With  a  transformation  of  variables,  one  can  ob¬ 
tain  perturbation  theories  that  give  nearly  the 
same  results  even  in  the  small  B  limit  where  the 
convergence  properties  of  the  series  are  better. 
One  special  case  we  will  call  radial  averaging.  For 
a  u^r.Sl)  that  is  invertible,  we  can  construct  a 
radial  function  r^u.Q),  which  is  its  inverse.  The 
effective  spherical  potential  is  r0(u),  which  can 
be  inverted  to  obtain  u0(r).  With  the  definition 
of  17  given  by 

R(B(rr~r0)  )  =  yR(B(rj-r0) )  ,  (12} 

we  can  follow  a  similar  derivation  that  leads  to 
a  choice  for  r0(u)  of 

/  /  R(B(r,-r0))dQ  =  0  •  (13) 

Figure  1  compares  the  B  dependence  of  this 
potential  with  the  potential  based  perturbation 
theories.  Note  that  even  at  B  0,  the  potential 
is  within  a  few  percent  of  the  large  B  value.  By 
changing  variables,  the  anisotropy  has  been 
reduced  from  a  factor  of  20  to  about  30%.  Of 
course,  the  radius  needs  to  be  known  more  ac¬ 
curately  to  get  the  same  accuracy  in  the  poten¬ 
tial,  but  the  perturbation  series  converges  faster 
because  the  anisotropy  is  smaller. 


iff’  to*  to'  to"  to-'  itf 
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Fig.  1-  N 2  at  3.0  A . potential  averaging, 

- radial  averaging  (plotted  vs.  10~'1  B) 

We  can  write  a  general  transformation  of  coor¬ 
dinates  and  choose  a  form  that  is  similar  to 
radial  avei  aging,  but  preserves  invertibility  for 
the  entire  potential.  Let  F(u,r)  be  an  invertible 
function  of  potential  and  radius.  Also,  let  uy(F,Q) 
depend  on  F(u,r)  instead  of  r.  One  then  has 

5 u  <r=o> . 

h  'F.Q  “  B  R,‘'  lR(B<Ul~uo))l*  (14) 


which  differs  from  Eq.  (9)  in  that  the  derivative 
is  evaluated  at  constant  F,Q  instead  of  r,Q.  We 
must  then  transform  back  to 

3uyh=0)  \ 


3  y  A*  Q  * 

From  the  chain  rule, 

3u\ 

3u\  +  3u 

) 

3F)  , 

(15) 

3y'r,Q 

~3/F,Q  ~dF 

y.2 

3y  ■'r.Q 

dF\  = 

3F)  +  3FA 

3r 

)  , 

(16) 

3u  y.Q 

3u  r  Sr-'u 

3u 

y.G 

and 


E)  -E)  *!)  ini 

3y  r,Q  3u'r  3y  r,Q 

Note  that  for  y  =  0,  Ah)  =  ^2 
3r  y,Q  dr 

Substituting  Eqs.  (16)  and  (17)  in  Eq.  (15)  and 
solving  for  3iA  ,  we  have 
dy  r,Q 


in)  = 

t 

3F 
^  3u* 

\ _ +  A 

dy  r,Q 

3y  r  ,Q  \ 

.  3F\ 

dr  ) 

^  3r  u 

du0 

The  term  in  parentheses  is  independent  of  S,  so 
we  have  in  analogy  to  Eq.  (8), 

/  /  R(B(u,(F,Q)  -u0  (F)  )  )  dQ  =  0  ,  (19) 

for  the  determination  of  u0(F). 

Another  average  besides  the  median  sheds 
some  light  on  the  usefulness  of  spherical  poten¬ 
tials  to  describe  the  thermodynamics  of  non- 
spherical  potentials.  One  can  find  a  spherical 
potential  (denoted  here  the  virial  potential)  that 
is  exact  (6)  in  the  low  density  limit.  For  N2  there 
is  almost  no  difference  between  the  median  and 
the  virial  potentials.  Figure  2  compares  the  virial 
potential,  median,  and  potential  average  for 
C02. 

The  potential  average  would  be  correct  for  free¬ 
ly  rotating  molecules.  There  is  some  density 
dependence  in  the  best  effective  spherical  poten¬ 
tial,  but  it  is  small  enough,  even  for  C02,  to  not 
significantly  effect  the  results  over  the  density 
range  of  interest. 
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r(A) 

Fig.  2.  Potentials  for  C02 . - Virial  poten¬ 
tial  . Median, - Average, 

. Two  orientations  of  the  anisotropic 

potential 

COMPARISON  WITH  MI) 

The  effective  spherical  potentials  give  results 
for  thermodynamics  that  are  much  more  ac¬ 
curate  than  our  knowledge  of  the  anisotropic 
potentials  themselves.  Figure  3  compares  the 
spherical  theory  with  the  anisotropic  MD  simula¬ 
tions  (2)  for  N2. 


P  (9/ e<-r>J) 


Fig.  3.  Isotherms  (+)  und  Hugoniot  I  !  )  for  No 
from  Ml)  and  from  the  median  t - ) 

Figure  4  gives  similar  comparisons  (3)  for  C02. 
Agreement  is  to  about  1.5%  for  N2  and  about 
3%  for  much  of  the  C02.  Where  35^^  pV/NkT 
y.  20.  the  accuracy  is  more  like  5  to  10%.  This 
is  due  to  the  formation  of  long  lived  dimer-like 


correlations  (7)  where  lower  energy  relative  orien¬ 
tations  are  preserved  by  a  caging  effect. 
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Fig.  4.  A  MD  for  anisotropic  potential OMD  for 
median,  - Ross  for  median 

These  results  demonstrate  that  spherical 
potentials  can  be  used  for  the  thermodynamics 
of  dense  molecular  fluids  with  anisotropies  of  the 
order  of  C02  or  smaller.  This  includes  N,>,  02, 
CO,  NO,  C02  and  H2. 

EOS  FOR  INDIVIDUAL  SPECIES 

Effective  spherical  potentials  for  N2,  02,  NO, 
CO.  and  C02  are  obtained  by  fitting  to  various 
experimental  and  calculated  quantities. 

We  have  chosen  the  Ross  (8)  procedure  to 
evaluate  the  configurational  free  energy,  Ac,  for 
the  spherical  potential  because  it  is  both  fast  and 
accurate  (2%  or  better  in  dense  fluids).  It  is  based 
on  a  variational  principle  (see,  e.g.,  Mansoori  and 
Canfield  (9)  and  Rasaiah  and  Stell  (10), 

At.  <  A0  +  j^° g0(r)(u(r)-u0(r)  )  d3r  (20) 

That  is.  the  true  configurational  free  energy  is 
bounded  from  above  by  the  first  two  terms  of 
the  A  expansion  perturbation  theory  of  Zwanzig 
(11).  The  reference  system  configurational  free 
energy,  radial  distribution  function,  and  pair 
potential  are  denoted  A0,  g0  and  u0,  respective¬ 
ly.  The  pair  potential  for  the  true  system  is  u. 
For  a  hard-sphere  reference  system,  convenient 
and  accurate  representations  of  g0(r)  and  A0  are 
known.  Ross  found  that  if  one  added  a  function 
F12(>j)NkT  =  -(r)4/2+r,2-t-q/2)NkT  to  Eq.  (20), 
then  the  free  energy  for  an  r~ 12  potential  could 


be  well  reproduced  by  minimizing  the  right- 
hand  side  with  respect  to  r\  =  ngd3/6,  where  d 
is  the  hard-sphere  radius.  He  then  approx¬ 
imated  the  radial  distribution  function  for  the 
r-12  system  by  that  for  the  hard-sphere 
system.  This  gave 

AC<A0+£N.  r  g0(r,q)u(r)d3r + F  12(rj)NkT ,  (21) 
2  d 

which  is  then  minimized  with  respect  to  r\.  In 
practice,  the  Laplace  transform  is  used  when  a 
simple  functional  form  of  u(r)  is  chosen. 

The  other  contributions  to  the  Helmholtz  free 
energy,  A,  for  a  single  species  are  well  approx¬ 
imated  by  several  simple,  separable  contribu¬ 
tions.  (Note  that  the  resulting  procedure  for  ob¬ 
taining  A  is  essentially  that  of  Ross  (12)  and  Ree 
(13).  However,  the  spherical  potentials  are  ob¬ 
tained  in  a  totally  different  manner.)  The 
translational  and  rotational  degrees  of  freedom 
can  be  separated  exactly  to  give  ideal  contribu¬ 
tions  provided  the  bond  lengths  are  kept  cons¬ 
tant.  (Hindered  rotation  effects  and  “collisions" 
are  incorporated  in  the  configurational  free 
energy.)  The  vibrational  degrees  of  freedom  are 
treated  as  isolated  quantum  vibrators.  McQuar- 
rie  (14)  is  a  convenient  source  for  the  form  of 
these  contributions.  Electronic  excitations  are 
included  using  an  isolated  molecule  Saha  model 
(15).  Electronic  levels  up  to  about  60,000  cm" 1 
are  included.  This  cutoff  will  not  cause  signifi¬ 
cant  truncation  errors  below  around  10,000  °K. 

The  effective  spherical  potentials  used  are 
given  in  Table  1.  The  parameters  are  for  an 
exponential-six  potential 

u(r)  =  .  A  (  6e“(l  rr*'  -  «  (  r*  )  *!  )  (22) 


TABLE  1 

Exponential-Six  Potential  Parameters 


a 

r*(A) 

elk  (°K) 

N, 

13.474 

4.251 

75.0 

NO 

12.08 

3.995 

117.1 

0, 

13.117 

4.110 

75.0 

CO 

13.474 

4.251 

75.0 

co2 

13.781 

4.096 

335.0 

The  determination  of  the  No  potential  is  well 
described  elsewhere  (2,  16).  The  02  potential 


was  fit  directly  to  the  Hugoniot  data  rather 
than  finding  the  effective  spherical  potential 
that  reproduces  the  nonspherical  thermodyna¬ 
mics  that  fits  the  Hugoniot.  The  NO  potential 
was  from  a  fit  by  Pack  (17)  to  viscosity  and 
virial  data.  We  chose  the  potential  that  not  on¬ 
ly  had  a  good  fit  to  this  data,  but  also  was 
“parallel”  to  the  N2  and  02  potentials  in  the 
repulsive  region.  Because  there  is  considerable 
uncertainty  in  the  NO  potential,  we  decreased 
£  by  5%  to  get  a  slightly  better  fit  to  the  liquid 
NO  detonation  velocity.  However,  the  unad¬ 
justed  potential  gave  results  well  within  the  ex¬ 
perimental  uncertainty.  The  CO  potential  was 
taken  to  be  identical  to  that  for  N2  since  the 
two  are  isoelectronic.  In  addition,  this  potential 
gives  a  Hugoniot  that  agrees  within  experimen¬ 
tal  error  with  the  data  of  Nellis,  et  al.  (18)  at  53.4 
kbar  and  99.6  kbar.  Higher  pressure  data 
almost  certainly  includes  some  reaction  to  C02 
+  C  and  is,  therefore,  not  useful  for  determin¬ 
ing  a  CO  potential.  The  C02  potential  is  a 
spherical  potential  fit  to  the  thermodynamics 
of  a  very  anisotropic  potential.  The  anisotropic 
potential  is  an  atom-atom  potential  with  in¬ 
teraction  sites  only  on  the  oxygens.  The  well 
depth,  t;  well  minimum  position,  r*;  and  0-0 
separation,  f,  were  taken  from  a  normal  densi¬ 
ty  simulation  of  solid  C02  by  Gibbons  and 
Klein  (19).  The  steepness  parameter  o  was  fit 
to  the  cold  curve  of  LeSar  and  Gordon  (20) 
whose  theory  agrees  extremely  well  with  the 
296°K  isotherm  measured  by  Olinger  (21)  up  to 
1 00  kbar.  This  potential  then  agrees  reasonably 
well  with  the  C02  Hugoniot  of  Zubarev  and 
Telegin  (22).  However,  an  overall  reduction  by 
10%  gives  the  best  fit  to  the  data.  The  data  is 
so  sparse  that  there  is  a  much  greater  uncertain¬ 
ty  in  the  C02  potential  than  for  N2  and  02.  New 
C02  Hugoniot  data  would  be  very  useful. 

Results  are  given  primarily  in  the  form  of 
figures  comparing  with  data.  First  the  fits  to 
data  are  shown  and  then  the  comparison  with 
data  net  used  in  fitting  the  potentials.  Figure 
5  shows  our  theory  for  N2  compared  with  data 
(22,  23,  24,  25).  Above  40  GPa  new  physics  such 
as  dissociation,  significant  excitation  of  elec¬ 
tronic  levels,  etc.,  enter  in  the  problem  and  we 
have  not  tried  to  fit  that  region.  Figure  6  shows 
our  best  least  squares  fit  to  the  02  data  (25,  26) 
with  a  spherical  exponential-six  potential. 
Figure  7  compares  with  reflected  shock  data 


Fig.  5.  Hugoniot  results  for  nitrogen  (Lines  are 
present  theory:  solid,  for  q0=0.808  g/cm3;  dot¬ 
ted,  for  q0  =  0.820  g/cm3.  Data  are:  ®,  from  Ref. 
(23);  0,  from  Ref.  (22);  □,  from  Ref.  (24),  as  com¬ 
piled  in  Ref.  (25).) 


Fig.  6.  Hugoniot  results  for  oxygen  at  q0  ~ 
1.202  g/cm3.  Line  is  present  tht  ry,  and  data  are 
from  Ref.  (26),  as  compiled  in  Ref.  (25). 

and  gives  very  good  agreement.  Figure  8  com¬ 
pares  our  theory  with  the  C02  data  (22).  In  Fig¬ 
ure  9  we  show  the  repulsive  part  of  the  poten¬ 
tials  given  in  Table  1.  Note  that  the  parameters 
are  not  entirely  independent.  Therefore,  a  look 
at  the  table  alone  is  not  sufficient  to  order  the 
potentials.  Also,  the  attractive  part  of  the 
potential  makes  a  fairly  small  contribution  to 
the  thermodynamics  in  regions  of  interest  to 
detonation  products. 

EOS  FOR  MIXTURES 

We  have  used  ideal  mixing  for  our  detonation 
products  EOS.  Ideal  mixing  takes  into  account 


Fig.  7.  Reflected-shock  results  for  oxygen  in¬ 
itially  at  Qq  =  1.202  g/cm3  (Lines  are  present 
theory:  solid,  principal  Hugoniot;  chain  dashed, 
reflected  Hugoniots.  Data  are  from  Ref.  (26)  for 
Ref.  (25)].) 


Fig.  8.  Hugoniot  for  C02 - present  theory 

O  Data  from  Ref.  (22) 
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Fig.  9.  Effective  spherical  potentials  from  Table  1 
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the  distinguishability  of  different  molecules,  but 
assumes  the  total  energy  of  a  configuration  of 
particles  is  independent  of  any  interchange  of 
particles.  This  is  exact  if  all  pair  potentials  are 
identical.  For  N2, 02,  NO,  and  CO,  this  may  be 
a  very  good  approximation.  For  C02  mixed 
with  any  of  the  above,  this  may  not  be  as  good. 
However,  more  accurate  mixing  theories  require 
cross  potentials,  i.e.,  not  only  uaa  and  ubb-  but 
also  uab.  For  ze  sure  fluid  mixtures,  a  few 
percent  change  L.  „<;  cross  potential  may  lead 
to  a  change  in  sign  of  excess  properties  (27).  Ree 
(28)  has  found  that  a  few  percent  change  will 
significantly  shift  a  fluid-fluid  phase  separation 
boundary  in  detonation  products.  Also,  it  is  not 
certain  that  an  accurate  mixing  theory  for 
spherical  potentials  is  still  accurate  for  effective 
spherical  potentials  representing  very 
anisotropic  potentials.  We  intend  to  look  at 
molecular  mixtures  with  MD  or  Monte  Carlo 
(MC),  but  we  will  continue  with  ideal  mixing  un¬ 
til  it  is  clear  what  works  better  for  molecular 
mixtures.  Equilibrium  composition  of  the 
detonation  products  is  found  by  minimizing  the 
Gibbs  free  energy  of  the  mixture.  A  slightly 
modified  form  of  the  procedure  of  White  et  al. 
(29,  30)  was  used. 

In  Figures  10  and  1 1,  we  compare  in  P,  V  and 
P,  E  space  the  Hugoniot  for  overdriven  NO 
detonations  and  an  equimolar  mixture  of  N2 
and  02.  There  is  excellent  agreement  with 
Schott’s  (3 1 )  data.  Where  the  two  Hugoniots 
cross,  the  thermodynamic  states  are  identical. 
The  uncertainty  in  the  crossing  point  is  smallest 
in  P,  E  and  the  calculated  crossing  is  also  in  ex¬ 
cellent  agreement  with  the  data.  In  Figure  12 
we  have  the  detonation  velocity  (32)  for  03/02 
mixtures.  Considering  the  scatter  in  the  data, 
the  agreement  is  very  good.  Finally,  the  detona¬ 
tion  velocities  and  pressures  for  NO,  TNM,  and 
HNB  are  compared  with  experiment  in  Table 
2.  Again,  the  agreement  is  very  good. 

CONCLUSION 

We  have  an  equation  of  state  for  detonation 
products  that  is  in  very  good  agreement  with 
experiment  for  explosives  containing  some  or 
all  of  C,  N,  0  and  for  which  there  is  no  solid  car¬ 
bon  in  the  products.  We  will  investigate  the 
EOS  for  solid  carbon,  I120,  and  other  products 
in  order  to  extend  the  capability  to  the  more 
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Fig.  10.  Nitrogen-Oxygen  systems  / data  from 

Ref.  (31)1  (Overdriven  NO: - theory, 

data ,  +  CJ  state  N2Jr02  mixture: - 

theory,  O  data, - theory  without  NO.) 
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Fig.  11.  Hugoniot  pressure  —  energy  results  for 
dense  nitrogen  —  oxygen  system  (Symbols  and 
curves  are  as  specified  for  Fig.  10) 
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Fig.  12.  Detonation  velocity  of  03/02  mixtures 
- present  theory,  O  data  from  Ref.  (32) 


TABLE  2 

Detonation  Velocities  of  NO  (33),  TNM  (30),  and  HNB  (34) 


Explosive 

Formula 

eo , 

(g/cm3) 

^expt 

(m/s) 

P 

x  expt 

(kbar) 

^calc 

(m/s) 

p 

*■  calc 
(kbar) 

Nitric  Oxide 

NO 

1.294 

5620±70 

100±15 

5621 

98 

TNM 

OO 

O 

d 

1.638 

6360 

159 

6539 

158 

HNB 

c6n6012 

1.973 

9335 

400 

9405 
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common  CHNO  explosives.  Also,  mixing  ques¬ 
tions  will  be  addressed  using  MD  or  MC. 
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Equations  of  state  (EOS)  for  the  detonation  products  of  explosives 
are  calculated  from  EOS  for  the  individual  chemical  species,  using 
the  approximation  of  ideal  mixing.  The  theory  is  applied  to  15  ex¬ 
plosives  of  varying  composition  and  loading  density.  To  understand 
these  explosives,  it  is  necessary  to  identify  the  important  reaction 
products  and  to  determine  their  EOS  parameters.  For  explosives  that 
contain  no  carbon  or  are  oxygen-rich,  the  principal  species  and  their 
EOS  are  known  reasonably  well,  and  the  theory  gives  good  results. 
For  carbon-rich  explosives,  it  is  found  that  formic  acid  competes  with 
carbon  as  a  reaction  product.  If  formic  acid  is  omitted  from  the 
equilibrium,  the  data  for  PETN  and  RDX  cannot  be  fit  with  any 
reasonable  modification  to  the  carbon  EOS.  An  EOS  for  formic  acid 
is  constructed,  and  the  theory  gives  good  results  for  all  classes  of 
CHNO  explosives. 


INTRODUCTION 

In  recent  years  there  has  been  renewed  in¬ 
terest  in  calculating  the  detonation  properties 
of  condensed  explosives  from  basic  principles 
of  statistical  mechanics  (1-5).  Assuming  a 
steady-state  detonation  with  chemical 
equilibrium  behind  the  reaction  zone,  the  EOS 
for  the  detonation  products  can  be  used  to 
predict  CJ  velocities  and  pressures,  release  and 
reshock  behavior,  and  the  dependence  of  these 
properties  on  chemical  composition  and  loading 
density.  However,  it  has  proven  difficult  to  find 
an  EOS  model  that  is  completely  satisfactory 
for  all  classes  of  explosives.  This  fact  has  led 
to  speculation  that  the  steady  state  assumption 
may  be  a  major  source  of  eri  or,  particularly  for 
high-density  explosives  that  are  rich  in  carbon 
(1,2).  In  this  paper,  we  will  show  that  the  prin¬ 
cipal  discrepancies  observed  in  carbon-rich  ex 
plosives  >>re  eliminated  when  formic  acid  is  in¬ 
cluded  as  a  reaction  product. 

The  development  of  a  theoretical  model  for 
detonation  properties  follows  four  basic  steps. 

1.  Identify  the  important  reaction  products. 

2.  Determine  EOS  parameters  for  each 


component. 

3.  Construct  a  mixture  EOS  for  an  arbitrary 
composition. 

A.  Determine  the  equilibrium  composition. 

Despite  recent  advances  in  fluid  theory,  many 
approximations  must  be  made  in  the  first  three 
steps.  Only  the  last  step  can  be  carried  out 
rigorously. 

OVERVIEW  OF  OUR  MODEL 

In  step  3,  we  make  the  simplifying  assump¬ 
tion  of  ideal  mixing,  which  may  be  described 
as  follows  (6).  Starting  with  a  heterogeneous 
mixture,  allow  the  components  to  mix  homo¬ 
geneously  at  constant  pressure  and  tempera¬ 
ture.  In  an  ideal  mixture,  there  is  no  change  in 
volume  or  internal  energy,  while  the  change  in 
entropy  is  that  for  complete  randomness.  In 
this  model,  the  mixture  properties  are  com¬ 
pletely  determined  from  the  EOS  for  the  pure 
components.  We  will  show  that  it  gives  good 
predictions  for  detonation  properties  when 
steps  1  and  2  can  be  carried  out  -  when  the 


540 


important  chemical  components  have  been  iden¬ 
tified  and  their  EOS  are  known  with  reasonable 
accuracy. 

For  CHNO  explosives,  the  chemical  species 
that  are  normally  included  as  detonation  pro¬ 
ducts  are  C02,  N2,  H20,  CO,  NO,  NH3,  CH4, 
H2,  02,  and  elemental  carbon  (1).  In  this  work, 
we  also  include  formic  acid  (HCOOH)  and 
atomic  N,  0,  and  H.  HCOOH  should  be  includ¬ 
ed  because  it  is  energetically  favored  over  a  mix¬ 
ture  of  H20  and  CO.  This  fact  can  be  seen  from 
the  endothermic  decomposition  reaction, 

HC00H-*H20+C0,  AH=— 4.34  kcal/mo!e.  (1) 

Early  models  for  detonation  properties  includ¬ 
ed  HCOOH  (7),  but  it  has  been  ignored  in  recent 
work.  For  explosives  containing  C,  H,  and  0, 
we  find  HCOOH  to  be  more  important  than  CO. 
Methanol  and  formaldehyde  were  also  con¬ 
sidered  but  found  to  be  unimportant. 

The  15  explosives  studied  in  this  work  are 
listed  in  Table  1 ,  along  with  their  formulas,  ox¬ 
ygen  balances  (OB),  and  CJ  properties  (1-5, 
8-12).  Calculations  were  performed  in  the  follow¬ 
ing  way.  First,  the  PANDA  code  (13)  was  used 
to  construct  EOS  tables  for  the  various  species 
and  add  them  to  a  data  file  that  was  used  for 
explosives  of  all  compositions.  The  tables  were 
accessed  by  the  POGO  code  (unpublished), 
which  constructs  thermodynamic  quantities  for 
a  mixture  of  specified  elemental  composition 
and  calculates  the  equilibrium  molar  concentra¬ 
tions  by  minimizing  the  Helmholtz  function  at 
constant  density  and  temperature.  The  detona¬ 
tion  properties  were  computed  from  ihe  usual 
relations  (1-4). 

EOS  FOR  FLUID  SPECIES 

Our  model  for  calculating  the  EOS  of  fluids 
is  described  elsewhere  ( J  4-16),  and  we  discuss 
it  only  briefly  in  this  paper.  The  Helmholtz  free 
energy  A  was  written  as  the  sum  of  six 
contributions. 

A=At+ Av+Ar+Ae+A^,+ Ag  (2) 

The  first  four  terms  are  independent  of  the  in- 
termolecular  forces.  At  is  the  contribution  from 
the  translational  degrees  of  freedom,  given  by 
the  usual  ideal  gas  expression.  Av,  Ar,  and  Ae 
are  contributions  from  vibrational,  rotational, 
and  electronic  degrees  of  freedom  and  were 
calculated  from  spectroscopic  data,  using  well- 


known  expressions  (1,13).  The  last  two  terms  in 
Eq.  (2)  come  from  the  interactions  between  the 
molecules.  We  define  A^,  to  be  the  contribution 
from  the  spherically  symmetric  part  of  the  in- 
termolecular  forces  -  the  average  over  all 
molecular  orientations.  Ag  is  a  correction  for 
correlations  between  molecular  orientations. 
For  water  and  formic  acid,  which  have  large 
dipole  moments,  this  term  is  important  at  low 
temperatures.  Following  the  lead  of  Chirat  and 
Pittion-Rossillon,  we  approximated  Ag  by  the 
expression  for  a  hard-sphere  fluid  with  embed¬ 
ded  dipoles  (3). 

The  term  A^  was  calculated  using  ihe  CRIS 
model,  a  perturbation  theory  of  fluids  (14).  As 
in  all  fluid  theories,  the  crucial  problem  in  ap¬ 
plying  the  model  to  a  specific  case  is  that  of  ob¬ 
taining  information  about  the  intermolecular 
forces.  For  nearly  spherical  molecules,  the  CRIS 
model  computes  the  energy  of  a  molecule  in  the 
cage  formed  by  its  neighbors  from  the  zero- 
Kelvin  isotherm  of  the  solid.  For  nonspherical 
molecules,  the  model  uses  an  effective  isotherm 
that  corresponds  to  a  fictitious  solid  in  which 
the  molecules  rotate  freely  (15).  In  a  few  cases, 
this  isotherm  has  been  calculated  theoretically, 
but  in  this  work  some  of  the  EOS  parameters 
were  determined  from  experimental  data,  par¬ 
ticularly  the  Hugoniot.  Most  of  the  species  used 
in  this  work  are  discussed  below.  Parameters  for 
CO  were  taken  to  be  the  same  as  for  N2.  Our 
EOS  for  H2  and  CH4  have  been  described 
elsewhere  (14,16). 

NITROGEN.  OXYGEN,  AND  NITRIC 
OXIDE 

We  have  previously  reported  EOS  parameters 
for  N2  and  02  (15)  that  match  experiment  ex¬ 
cept  for  the  Hugoniot  data  above  about  30  GPa, 
where  dissociation  must  be  taken  into  account. 
In  this  work  we  constructed  EOS  for  atomic 
nitrogen  and  oxygen;  we  then  used  the  POGO 
code  to  make  the  equilibrium  calculation  be¬ 
tween  the  molecular  and  atomic  species,  as 
discussed  above.  EOS  parameters  for  the  atomic 
species  are  preliminary  and  were  selected,  from 
within  reasonable  bounds,  to  agree  with  Hugoniot 
data.  Our  calculated  Hugoniots  for  nitrogen  and 
oxygen,  both  with  and  without  dissociation,  are 
compared  with  the  measurements  (17)  in  Fig.  1. 

Nitric  oxide  dissociates  when  shocked  and  is 
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itself  an  explosive,  so  analysis  of  shock  wave 
data  for  NO  requires  a  chemical  equilibrium 
calculation.  Reasonable  EOS  parameters  for 
NO,  intermediate  between  those  for  N2  and  02, 
were  found  to  give  satisfactory  results.  Our 
Calculations  are  compared  with  the  measured 
detonation  properties  (11)  in  Table  1;  agreement 
is  within  experimental  error.  Our  calculated 
Hugoniots  for  NO  and  N2/02  mixtures  are  com¬ 
pared  with  experiment  (5)  in  Fig.  2.  The  equi¬ 
librium  molar  concentration  of  the  NO  species 
was  found  to  vary  from  about  9%  at  the  CJ 
state  to  about  40%  at  the  highest  pressure 
studied.  As  seen  in  Fig.  2,  the  shock  velocity  for 
nitric  oxide  increases  by  about  4%  when  the  NO 
species  is  eliminated  from  the  equilibrium 
altogether.  Atomic  nitrogen  and  oxygen  were 
also  found  to  be  important  at  high  pressures. 
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Fig  1  Hugoniots  for  liquid  nitrogen  and  ox¬ 
ygen  Calculated  curves  arc  dashed-no  dissocia¬ 
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WATER,  AMMONIA,  AND  RX-23 
EXPLOSIVES 

Our  calculated  Hugoniots  for  water  and  am¬ 
monia  are  compared  with  experimental  data  (18) 
in  Fig.  3.  Chemical  equilibrium  calculations 
showed  that  dissociation  is  a  small  effect  in  both 
cases. 

As  a  test  of  our  EOS  for  these  two  species  in 
calculating  detonation  properties,  we  considered 
three  explosive  mixtures  containing  only  H,  N, 
and  0  (8).  The  explosive  RX-23-AB  is  a  par¬ 
ticularly  interesting  case  because  nitrogen  and 
water  are  the  only  important  chemical  spc-  :es 
formed  in  the  detonation  products.  Ry  '  AA 
and  RX-23-AC  also  form  ammonia.  Our 
theoretical  CJ  properties  are  compared  with  ex¬ 
periment  in  Table  1.  The  agreement  is  good  for 
all  three  compositions.  The  only  significant 
discrepancy  is  the  CJ  temperature  for 
RX-23-AB,  and  the  experimental  result  may  be 
in  error  for  this  case  (8). 

There  are  no  measurements  of  the  release 
isentropes  for  these  explosives,  but  it  is  in¬ 
teresting  to  compare  our  theoretical  predictions 
with  isentropes  calculated  from  the  empirical 
JWL  EOS.  Because  the  JWL  parameters  were 
calibrated  using  cylinder  tests,  this  comparison 
gives  some  indication  of  how  well  our  model  can 
predict  expansion  of  the  detonation  products 
(4,8).  The  pressures  on  the  isentropes  are  shown 
in  Fig.  4.  The  agreement  is  good,  and  our  model 
correctly  predicts  the  differences  between  the 
three  compositions. 
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Fig.  3  Hugoniots  for  water,  ammonia,  and  car¬ 
bon  dioxide.  For  C02,  the  dashed  curve  is  our 
cold  curve,  and  the  points  are  from  ref.  20. 
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Fig.  4  Release  isentropes  for  RX-23  explosives. 
Discrete  points  are  from  theJWL  EOS  and  the 
curves  are  our  calculations. 

CARBON  DIOXIDE  AND  HNB 

C02  is  one  of  the  most  important  species  in 
the  detonation  products  of  most  explosives,  and 
it  is  unfortunate  that  there  is  only  one  reported 
measurement  of  the  Hugoniot  for  this 
substance  (19).  In  addition  to  this  data,  we  us¬ 
ed  the  theoretical  calculations  of  LeSar  and  Gor¬ 
don  (20)  to  construct  the  EOS.  An  equilibrium 
calculation  was  also  performed,  and  dissociation 
was  found  to  have  a  small  effect  at  the  highest 
pressures  on  the  Hugoniot.  The  results  are 
shown  in  Fig.  3.  Because  there  are  only  four 
measured  shock  points,  it  is  difficult  to  assess 
our  EOS.  However,  we  have  found  that  our 
calculated  detonation  properties  are  fairly  insen¬ 
sitive  to  variations  in  the  EOS  parameters  over 
a  reasonable  range.  Hence  it  appears  that  uncer¬ 
tainties  in  the  C02  EOS  are  not  a  major  source 
of  error  in  our  theory. 

As  a  test  of  our  C02  EOS  in  calculations  of 
detonation  properties,  we  consider  the  explosive 
HNB.  because  it  decomposes  primarily  into 
C02  and  N2  (4).  (However,  our  model  predicts 
that  small  amounts  of  CO,  NO,  N,  02,  and  0 
are  also  formed.)  Our  CJ  properties,  given  in 
Table  1,  are  in  good  agreement  with  the  vx- 
perimental  ones.  Furthermore,  our  calculated 
release  isentrope  (not  shown)  agrees  quite  well 
with  that  from  the  JWL  EOS  derived  to  fit 
cylinder  test  data.  (4). 

OTHER  LOW-CARBON  EXPLOSIVES  - 
NG  and  PETN 

Because  NG  has  a  positive  OB,  it  forms  very 
little  formic  acid  or  elemental  carbon  in  the 


detonation  products  and  provides  a  test  of  the 
EOS  of  all  the  species  considered  thus  far.  As 
shown  in  Table  1,  our  theory  gives  good  predic¬ 
tions  for  the  CJ  properties  of  this  explosive. 

The  detonation  velocity  and  pressure  of 
PETN  have  been  measured  as  functions  of 
loading  density  (11)  and  are  shown  in  Figs.  5 
and  6,  respectively.  Because  PETN  has  a  small 
negative  OB,  it  can  form  either  elemental  car¬ 
bon  or  formic  acid.  The  dotted  lines  show  the 
results  of  our  model  when  neither  of  these  two 
species  are  allowed  to  form.  These  calculations 
agree  well  with  the  experimental  data  for 
loading  densities  below  about  1.4  g/cc.  As  we 
will  show  below,  the  data  for  high  densities  are 
explained  when  formic  acid  is  included  as  a  reac¬ 
tion  product.  The  good  results  for  lower  den¬ 
sities  indicate  that  our  EOS  for  the  species  con¬ 
sidered  above  are  satisfactory. 


Fig.  5  Detonation  velocity  vs.  loading  density 
for,?  explosives.  For  clarity,  the  TNT andRDX 
velocities  were  shifted  by  —2  and  +2  km/s, 
respectively.  Calculated  curves  are  discussed  in 
the  text. 
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Fig.  6  Detonation  pressure  vs.  loading  density 
for  3  explosives.  For  clarity,  the  PETN  and 
RDX  pressures  were  shifted  by  +3  and  4-3  GPa, 
respectively.  Calculated  curves  arc  the  same  as 
in  Fig.  5. 
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FORMIC  ACID  -  PETN,  RDX  AND  HMX 
EXPLOSIVES 

There  are  no  shock  wave  data  for  formic  acid, 
but  it  is  possible  to  estimate  EOS  parameters 
for  this  species  and  to  test  the  sensitivity  of 
detonation  properties  to  variations  in  these 
parameters.  Our  studies  show  that  HCOOH  is 
an  important  species  in  many  explosives.  We 
find  that  PETN  and  RDX  form  very  little 
elemental  carbon  and  that  their  properties  are 
particularly  sensitive  to  this  EOS.  (The  CHO 
ratio  for  RDX  is  identical  to  that  of  HCOOH.) 
Because  the  properties  of  PETN  and  RDX  are 
so  sensitive  to  the  parameters  for  formic  acid, 
we  refined  our  EOS  by  fitting  the  measured 
detonation  velocity  data  for  these  explosives. 

Three  calculations  of  the  detonation  velocity 
for  PETN  are  shown  in  Fig.  5.  When  elemental 
carbon  and  HCOOH  are  omitted  from  the 
detonation  products  (dotted  line),  the  theory 
overestimates  the  velocity  at  high  loading  den¬ 
sities.  When  carbon  is  added  to  the  equilibrium 
(dashed  line),  there  is  only  slight  improvement, 
and  we  could  find  no  reasonable  modification  to 
the  carbon  EOS  that  would  give  satisfactory 
agreement  with  these  data.  Finally,  when 
HCOOH  is  added  to  the  equilibrium  (solid  line), 
the  results  show  a  dramatic  change  in  slope  at 
high  densities  and  are  in  good  agreement  with 
th?  measurements.  The  calculated  detonation 
pressures,  shown  if  Fig.  6,  are  also  in  good 
agreement  with  experiment. 

Two  calculations  of  the  detonation  velocity 
and  pressure  for  RDX  are  shown  in  Figs.  5  and 
6.  In  the  dashed  curves,  diamond  and  liquid  car¬ 
bon  (see  below)  were  included  in  the  equilibrium, 
but  formic  acid  was  omitted.  As  in  PETN,  the 
theory  overestimates  the  velocity,  and  no 
reasonable  modification  to  the  carbon  EOS  can 
be  made  to  give  agreement  with  the  data.  In 
contrast,  very  good  results  are  obtained  when 
HCOOH  is  added  to  the  equilibrium  (solid  line). 
As  shown  in  Table  1,  our  theory  also  gives  good 
results  for  HMX,  win  h  has  the  same  CHNO 
ratio  as  RDX. 

CARBON  EOS  -  BTF,  NM,  TNT,  HNS, 
NQ,  AND  TATB 

Three  phases  of  elemental  carbon  were  con¬ 
sidered  in  our  work  -  graphite,  diamond,  and  liq¬ 
uid,  Graphite  and  diamond  can  be  regarded  as 


idealizations  of  the  solid  phases  that  might  be 
formed  in  a  detonation.  EOS  for  these  two 
phases  were  constructed  using  standard  solid 
models  from  the  PANDA  code  (13).  The  results 
agree  well  with  experimental  data,  and  the  two 
EOS  match  the  graphite-diamond  phase  line 
quite  well  (21).  An  EOS  for  the  liquid  phase  was 
constructed  using  the  CRIS  model.  Very  little 
data  is  available  for  liquid  carbon;  we  adjusted 
the  EOS  parameters  to  match  the  melting  curve 
in  the  vicinity  of  the  graphite-diamond-liquid 
triple  point.  Our  liquid  EOS  appears  to  be 
satisfactory  for  most  explosive  calculations,  but 
it  does  not  match  the  negative  slope  of  the  car¬ 
bon  melting  curve  and  the  low  density  of  the 
liquid  at  low  pressures.  To  account  for  those  ef¬ 
fects,  we  are  working  on  an  EOS  that  includes 
formation  of  molecules  in  the  liquid  phase.  Such 
changes  to  the  liquid  EOS  will  affect  some  of 
our  results,  particularly  for  RDX  at  low  loading 
densities. 

The  species  of  carbon  that  is  formed  depends 
markedly  upon  pressure  and  temperature.  A 
study  of  the  carbon  phase  diagram  shows  that 
liquid  carbon  should  be  formed  in  BTF,  that 
graphite  should  be  the  principal  species  for  NM 
and  TNT,  and  that  diamond  should  be  the  prin¬ 
cipal  species  for  HNS.  As  seen  in  Table  1,  our 
theory  gives  good  results  for  the  properties  of 
these  explosives. 

BTF  contains  no  hydrogen  and  cannot  form 
HCOOH,  but  it  has  a  negative  OB  and  forms 
a  large  amount  of  elemental  carbon  in  the 
detonation  products.  The  good  results  obtained 
for  BTF  provide  evidence  that  our  carbon  EOS 
is  reasonable,  and  that  a  compound  like 
HCOOH,  containing  both  carbon  and  hydrogen, 
is  needed  to  explain  the  data  for  the  other  ex¬ 
plosives  studied. 

Three  calculations  of  the  detonation  velocity 
and  pressure  for  TNT  are  shown  in  Figs.  5  and 
6.  In  the  dotted  curve,  graphite  was  the  only 
elemental  form  of  carbon  allowed  in  the 
equilibrium,  and  formic  acid  was  omitted.  The 
results  are  fair,  but  they  have  the  wrong  slope 
and  consistently  overestimate  the  velocity. 
When  HCOOH  is  added  to  the  equilibrium 
(dashed  line),  the  calculations  come  into  ex¬ 
cellent  agreement  with  experiment  for  densities 
below  about  1.5  g/cc.  When  diamond  is  added 
to  the  equilibrium  (solid  line),  the  theory 
predicts  a  change  in  slope  of  the  volocity  curve 
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at  high  densities,  as  seen  in  the  data. 

The  carbon  phase  diagram  and  shock  data  for 
graphite  both  suggest  that  the  transition  from 
graphite  to  diamond  causes  this  observed 
change  in  slope,  but  the  shock-induced  transi¬ 
tion  occurs  at  about  10  times  the  equilibrium 
pressure  (21).  This  fact  can  be  explained  by 
postulating  imperfections  in  the  diamond  phase. 
Because  the  energy  difference  between  graphite 
and  diamond  is  small  compared  to  the  carbon 
bond  energy,  a  small  percentage  of  vacant  sites 
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tion  pressure  by  an  order  of  magnitude.  In  the 
calculations  shown  in  Fig.  5  and  6,  the  binding 
energy  of  diamond  was  decreased  by  .9%  in 
order  to  make  the  phase  transition  occur  at 
about  20  GPa,  as  indicated  by  the  measure¬ 
ments. 

Finally,  the  calculated  properties  of  NG  and 
TATB  are  also  compared  with  experiment  in 
Table  1.  The  velocities  for  these  two  explosives 
are  high  by  about  6%  and  are  the  only  cases 
studied  for  which  the  agreement  is  not  satisfac¬ 
tory.  In  both  cases,  diamond  is  the  carbon 
species  formed  in  the  products,  and  no 
reasonable  change  in  the  diamond  EOS 
substantially  improves  the  results.  Because 
both  NQ  and  TATB  have  a  high  CJ  pressure 
and  low  CJ  temperature,  it  is  possible  that  a 
more  complex  species,  like  acetic  acid,  is  being 
formed  in  these  explosives. 

CONCLUSIONS 

There  are  two  main  conclusions  to  be  drawn 
from  our  work.  First,  the  assumptions  of  ideal 
mixing  and  chemical  equilibrium  seem  to  be  ade¬ 
quate  for  understanding  detonation  properties. 
Ideal  mixing  leads  to  great  simplification  of  the 
problem.  Second,  discrepancies  in  theoretical 
predictions  for  explosives  with  negative  OB, 
particularly  for  high  loading  densities,  can  be 
explained  if  formic  acid  is  included  in  the 
equilibrium.  Previously,  these  discrepancies 
have  been  attributed  either  to  an  Inadequate 
carbon  EOS  or  to  nonequilibrium  effects. 

Certain  problems  may  be  singled  out  for  fur¬ 
ther  study.  Shock  wave  data  and  other  ex¬ 
periments  on  formic  acid  and  carbon  dioxide  are 
needed  to  improve  our  EOS  models  for  these 
species.  Better  data  and  modeling  for  liquid  car¬ 
bon  are  needed.  Finally,  the  importance  of  other 


chemical  species  should  be  investigated. 
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DISCUSSION 

Y.  M.  TIMNAT,  Techninon,  Haifa,  Israel 

Is  there  any  experimental  evidence  for  the 
presence  of  formic  acid  (i.e.,  spectroscopic)? 

REPLY  BY  G.  I.  KERLEY 

I  do  not  know  of  any  experiments  that  have 
shown  formic  acid  to  be  present  in  the  detona¬ 
tion  products  of  explosives.  Perhaps  no  one  has 
ever  looked  for  it.  Furthermore,  bomb  calori¬ 
meter  experiments  might  not  be  the  best  way 
to  find  it,  because  my  calculations  predict  that 
there  would  be  very  little  formic  acid  in  the 
residual  gases.  For  high  loading  densities,  a 
substantial  amount  of  it  is  formed  near  CJ  con¬ 
ditions,  but  it  decomposes  to  water  and  carbon 
monoxide  as  the  gases  expand.  The  mass  spec¬ 
trum  of  PETN  detonation  products,  reported  in 
the  paper  by  Blais  and  Valentini  at  this  con¬ 
ference,  shows  a  peak  at  about  46  amu.  They 
ascribe  this  peak  to  N02,  but  it  could  be  due  in 
part  to  HCOOH,  which  has  the  same  molecular 
weight. 

DISCUSSION 

M.  van  Thiel,  LLNL,  Livermore,  CA,  USA 

Is  it  possible  that  the  small  amount  of  graph¬ 
ite  particies  formed  in  the  detonation  product 
mixture  are  impure  at  least  on  their  surface  — 
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and  that  as  a  consequence  the  phase  diagram 
of  carbon  shifts? 

REPLY  BY  G.  I.  KERLEY 

I  have  attributed  the  apparent  shift  in  the 
pressure  for  the  graphite-diamond  transition  to 
imperfections  in  the  crystal  lattices,  causing 
changes  in  the  free  energy  differences  between 
the  two  phases.  Dissolved  or  embedded  impuri¬ 
ties  could  have  much  the  same  effect.  However, 
even  pure  carbon  shows  a  shift  in  the  transition 
pressure;  in  shocked  graphite,  the  transforma¬ 
tion  to  diamond  occurs  at  about  200  kbar,  much 
higher  than  the  equilibrium  pressure.  If  we 
could  explain  that  effect,  it  might  help  us  to 
understand  what  mechanisms  are  important  in 
the  detonation  products. 


DISCUSSION 

F.  VOLK,  Fraunhofer  Institut,  Baden,  Germany 

In  the  species  you  mentioned,  we  missed 
HCN  which  we  found  in  relatively  large  concen¬ 
trations  in  the  detonation  gas  of  nitroguanadine. 
Because  this  molecule  is  highly  metastable,  you 
may  explain  the  difference  in  D  between  experi¬ 
ment  and  calculation. 

REPLY  BY  G.  I.  KERLEY 

Your  point  is  well  taken.  We  have  not  given 
much  attention  to  HCN  as  a  possible  detona¬ 
tion  product  because  it  has  a  rather  high  heat 
of  formation  when  compared  with  other  chem¬ 
ical  species.  Howe  >r,  a  sensitivity  study  should 
be  made  using  a  complete  and  realistic  EOS. 


TABLE  1 


Explosives  Studied  in  this  Work 


Explosive 

Formula 

OB 

(MJ/kg) 

Qo 

(glee) 

DCJ  (km/s) 
calc.  expt. 

PCJ  (GPa) 
calc.  expt. 

TCj  <K> 

calc.  expt. 

NO 

NO 

+.53 

+  2.66 

1.294 

5.52 

5.62 

9.3 

10.0 

2693 

_ 

RX-23-AA 

H6  78N3  8^2  -19 

-.14 

-1.15 

1.421 

8.70 

8.58 

24.1 

20.9 

2954 

2900 

RX-23-AB 

^7  1^2.58^3  55 

0.00 

-5.29 

1.384 

7.70 

7.48 

17.4 

18.6 

2353 

4000 

RX-23-AC 

51 10  31  ^5.32^  95 

-.67 

+0.93 

1.135 

7.86 

7.87 

15.4 

16.9 

2239 

2180 

HNB 

^6^6^12 

0.00 

+0.36 

1.973 

9.31 

9.34 

39.6 

42.0 

4935 

- 

NG 

C3H5N3O9 

+  .35 

-1.35 

1.600 

7.75 

7.70 

22.8 

22.0 

4504 

- 

PETN 

C5HgN4012 

-.10 

-1.36 

1.770 

8.36 

8.27 

31.2 

32.0 

4186 

4200 

1.000 

5.43 

5.48 

7.8 

8.7 

4724 

— 

HMX 

-.22 

+0.62 

1.890 

9.15 

9.11 

40.3 

39.0 

3699 

— 

RDX 

-.22 

+0.64 

1.800 

8.79 

8.75 

35.7 

35.0 

3869 

— 

1.000 

5.97 

6.02 

9.4 

10.0 

4355 

— 

BTF 

c6n6o6 

-.38 

+  2.62 

1.857 

8.60 

8.48 

33.5 

36.0 

4742 

- 

NM 

ch3no2 

-.39 

-141 

1.130 

6.31 

6.30 

12.2 

13.4 

3652 

3300 

TNT 

C7H5NA 

-.74 

+0.02 

1.637 

6.92 

6.94 

22.1 

18.9 

3832 

- 

1.050 

d.98 

5.06 

6.8 

7.0 

3559 

- 

HNS 

c,4h6n6o12 

-.67 

+0.39 

1.690 

7.07 

7.08 

20.3 

20.5 

4014 

- 

NQ 

ch4n4o2 

—  .3 1 

-0.46 

1.629 

8.43 

7.a8 

25.1 

- 

2612 

- 

TATB 

c6h6n6o6 

-.56 

-0.24 

1.895 

8.33 

7.86 

29.6 

31.5 

3005 

- 

*  Energy  of  unreacted  explosive,  relative  to  elements  in  standard  states  at  0  K 
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DETONATION  PROPERTIES  OF  HIGH  EXPLOSIVES  CALCULATED  BY 
REVISED  KIHARA-HIKITA  EQUATION  OF  STATE 


Katsumi  Tanaka 

National  Chemical  Laboratory  for  Industry 
Tsukuba  Research  Center 
Yatabe,  Tsukuba,  Ibaraki  305,  Japan 


The  detonation  properties  have  been  calculated  by  using  revised 
Kihara-Hikita  equation  of  state  (KHT).  KHT  parameters  are  deter- 
mined  from  experimental  Hugoniot  of  the  detonation  products, 
measured  detonation  velocities  and  pressures.  The  results  show  satis- 
factory  agreement  with  experimental  Chapman-Jouguet  (GI)  data  for 
general  CHNO  explosives  by  assuming  the  soft  solid  carbon.  Non¬ 
ideal  explosives  which  have  large  differences  between  calculated 
detonation  properties  and  experimental  results  are  (i)  CNO  explosives, 
(ii)  explosives  containing  large  amount  of  ammonium  nitrate  except 
the  intermolecular  explosives,  (iii)  aluminum  and  other  metal  loaded 
explosives  and  (iv)  explosives  containing  large  amount  of  non-reactive 
hydrocarbons. 


INTRODUCTION 

In  1952  Kihara  and  Hikita  (1)  (KH)  described 
an  equation  of  state  (EOS)  based  on  the  Len- 
nard-Jones  (LJ)  repulsive  potential.  In  KH  tem¬ 
perature  is  expressed  as  the  form  of  explicit 
function  of  pressure  and  volume  derived  from 
the  virial  expansions.  When  Kihara  and  Hikita 
studied,  there  were  very  little  information  on 
the  material  state  under  high  pressures  and 
temperatures  corresponding  to  the  detonation 
conditions  of  high  explosives.  Although  KH 
used  a  single  potential  and  simple  thermochem¬ 
ical  data  by  assuming  a  fixed  composition  of 
detonation  products,  calculated  results  showed 
satisfactory  agreement  with  experimental  deto¬ 
nation  velocities  by  adjusting  the  potential  con¬ 
stants.  In  I960,  they  calculated  the  detonation 
properties  of  TNT  for  the  equilibrium  composi¬ 
tion  of  detonation  products  using  Bridgman’s 
equation  of  state  for  solid  carbon  which  gave 
favorable  agreement  with  experimental  results. 

After  the  study  by  Kihara  and  Hikita,  in  1975 
Tanaka  and  Hikita  (2)  calculated  the  detonation 
properties  of  high  explosives  assuming  equilib¬ 
rium  C-J  condition  and  C-J  isentropes  by  using 
BKW  thermodynamic  data  and  EOS  of  the 


solid  carbon  (3).  Results  showed  the  satisfactory 
agreements  with  experimental  detonation  veloci¬ 
ties  for  PETN  but  calculated  detonation  pres¬ 
sures  were  lower  than  those  of  experiments.  The 
calculated  results  for  TNT  and  other  explosives 
with  high  content  of  carbon  was  not  satisfactory. 

Recently  we  have  revised  the  KH  (referred  to 
as  KHT)  to  improve  the  reproducibility  of  deto¬ 
nation  properties.  The  EOS  constants  are  ad¬ 
justed  to  match  the  experimental  compression 
data  for  various  gaseous  detonation  products. 
KHT  parameters  are  fully  based  on  the  experi¬ 
mental  data.  Our  objective  is  to  present  the  cal¬ 
culated  results  and  limitations  of  KHT  for  var¬ 
ious  explosives. 

2.  EQUATION  OF  STATE 
2.1  Gases 

(i)  Kihara-Hikita  (KH) 

The  general  expression  for  the  relation  of 
pressure  P,  volume  V  and  temperature  T  for  a 
gas  is  given  by  the  virial  expansion  of  the  form, 

PV/RT  =  1  +  I  Bs  (T)/V>  ,  (l) 

where  B;  (T)  is  the  virial  coefficients  and  R  is 
the  gas  constant. 
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Kihara  and  Hikita  (1)  derived  the  temperature 
as  a  function  of  pressure  and  volume  ,  Eq.  (10), 
using  a  repulsive  intermolecular  potential  of  the 
form 

u(r)  =  A/rn  ,  (2) 

where  A  and  n  are  constant  and  r  is  equal  to  sep¬ 
aration  distance. 

Assuming  a  repulsive  potential,  Eq.  (2),  virial 
coefficient  is  given  by 

Bj  =  bj  (A/RT)3i/n  ,  i  =  1,  2,  . . .  ,  (3) 

where  bj  is  constant  and  depends  on  n.  Substi¬ 
tution  of  eq.  (3)  in  eq.  (1)  of  virial  expansion  then 
gives 

PV/RT  =  1  +  Ibj  ( A/RT) 3 * /n  V~'  .  (4) 

Then  the  internal  energy  can  be  expressed  as 

E  =  E*(T)  +  (3/n)  Ibj  (A/RT)3l/n  V"'  .  (5) 

by  introducing  the  classical  thermodynamic 
relation,  3(E/T2)/3V  =  3(P/T)/3T,  into  Eq. 
(4).  Substituting  the  second  term  in  Eq.  (4)  into 
Eq.  (5),  the  internal  energy  is  represented  by  a 
formula: 

E  =  E*(T)  +  (3/n)(PV  -  RT)  .  (6) 

Eq.  (6)  shows  that  the  internal  energy  of  gas  is 
dependent  only  on  n  and  independent  of  other 
parameters.  In  Eq.  (4),  pressure  is  expressed  as 
a  function  of  volume  and  temperature. 

Temperature  can  also  be  expressed  as  a  func¬ 
tion  of  pressure  and  volume  by  introducing  a 
parameter  x  defined  by 

x  =  (A/PV)3'"  V"1  .  (7) 

Eq.  (4)  is  rewritten  as  a  series  expansion  of  para¬ 
meter  x  by  the  form: 

PV/RT  =  1  +  bj  x  +  (b2  +  (3/n)bj2)x2  ,  (8) 

neglecting  higher  order  terms.  Kihara  and  Koba 
(4)  have  theoretically  calculated  parameter  b,  . 
The  internal  energy  given  by  Flq.  (6)  at  extremely 
higher  pressure  (PV  »  RT)  may  be  extrapolated 
to  those  expressed  by  the  intermolecular  potential 


model  for  closest  packing  state.  Then  Kihara 
and  Hikita  showed  for  extremely  high  pressure 
gas  that 

RT/PV  =  (2/(n  +  2))(1  -  ax)  ^  0 
with  a  =  2  ~1/2(nC(n)/6)3/n  ,  (9) 

where  C(n)  is  approximately  equal  to  the  num¬ 
ber  of  nearest  neighbors  (=12)  .  Therefore  a 
parameter  x  has  a  maximum  equal  to  1/a. 
PV/RT  may  be  expressed  as  a  function  of  x  to 
satisfy  both  Eq.  (8)  for  extremely  lower  density 
and  Eq.  (9)  for  extremely  higher  density,  i.e., 

PV/RT  =  (l+ax+bx2-Fcx3)/(l— ax)  ,  (10) 

where  0  <  x  <  1/a  . 

Eq.  (10)  is  the  Kihara-Hikita  equation  of  state 
(KH). 

(ii)  Revised  KH  (KHT) 

KH  parameters  given  by  the  previous  work 
was  not  satisfactory  for  the  calculation  of  deto¬ 
nation  properties  of  high  explosives.  KH  param¬ 
eters  may  be  adjustable  to  match  the  experi¬ 
mental  data  of  the  detonation  velocity  (D), 
Chapman-Jouguet  pressure  (Pc-j)  ar>d 
Hugoniot  data  for  the  detonation  products. 

In  this  parameter  study,  an  equation  of  state 
of  the  form 

PV/RT  =  f(x)  /  (1  -  ax)  , 

=  Fix) 

fix)  =  l+ax+bx2-fcx3+dx4+ex5,  (11) 

is  assumed,  where  f(x)  is  monotonically  increas¬ 
ing  function.  From  Eq.  (11)  expressions  of  ther¬ 
modynamic  function  with  imperfection  term 
may  be  derived  by  the  standard  thermodynamic 
theory. 

For  the  internal  energy  E,  entropy  S,  and 
chemical  potential  \x  j  can  be  expressed  by, 

E  =  E*(T)  +  (3/n)(PV-RT)  ,  (12) 

S  =  S*(T)-RT/*  F/xdx  .  (13) 

g,/RT  =  gj*  (T)/RT+ln  X,+(3/n  + 

+(A1/A)3/“)(F-1)  + /x  Fix  dx  ,  (14) 

with  A  =  ZAj  Xj  /  X  and  X  =  Z  Xj  , 

where  superscript  *  and  subscript  i  refer  to  the 
reference  state  (ideal  gas  at  pressure  P0)  and 
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component  i  respectively;  X;  is  the  number  of 
moles  for  gaseous  components.  In  these  expres¬ 
sions,  the  resulting  form  of  the  internal  energy 
in  Eq.  (12)  is  same  as  Eq.  (6). 


Fig.  1.  PV/RT  us  x  =  (X/PV)3/n  V  1  calcu¬ 
lated  by  Eq.  (12)  and  Eq.  (17)  for  experimental 
(8)  pressure-volume  Hugoniot  data  assuming  A 
as  shown  in  Table  1,  where  a— 1.85  correspond¬ 
ing  to  n=9 


TABLE  1 

KH  and  KHT  Parameters  Derived  from 
Experimental  Hugoniots 


KH  (1952)<*» 

this  work 

a 

1.878 

1.85 

n 

9.0 

9.0 

a 

0.958 

-1.8523 

b 

1.635 

40.245 

c 

-9.928 

-235.06 

d 

- 

661.49 

e 

— 

-670.48 

A  3/9 

(cm9  1012  erg/mole) 3/9 

h2o 

6.665 

6.1 

h2 

3.154 

2.9 

o2 

8.153 

9.2 

C02 

12.794 

14.0 

CO 

9.283 

9.8 

N2 

9.283 

9.8 

nh3 

- 

9.1 

ch4 

11.604 

11.0 

NO 

— 

9.15<*> 

OH 

- 

5.65*** 

H 

— 

1.25*** 

(*)  Estimated  from  the  molecular  diameter  or 
detonation  velocity. 

(iii)  Evaluation  of  n  and  a  for  KHT 
It  is  well  known  that  C-J  pressure  is  given  by 

pc-j  =  <?oD2/<y+i>  .  (15) 

for  gases  with  the  relation  PVr  =  constant, 
where  y  ~  3  for  the  explosive  with  high  loading 
density,  i.e.,  high  C-J  pressure.  From  Eq.  (9)  it 
may  easily  be  seen  that  P-V  relation  has  the 
form 

pyl  +  n/3  _  0n/3  A  =  2~n/6  nC(n)A/6  ,  (16) 


V0LUH6  'CC/C1 

Fig.  2(a).  Experimental  (8)  and  calculated 
Hugoniot  for  water  by  KHT  parameter  shown 
in  Table  1 

Polynomial  fittings  of  thermodynamic  data 
as  a  function  of  temperature  by  Gordon  et  al  (5) 
are  used  for  the  calculation  of  thermodynamic 
function  to  the  reference  state  throughout  this 
work. 


at  higher  density  where  the  effect  of  tempera¬ 
ture  is  negligible.  Since  maximum  y  is  approxi¬ 
mately  equal  to  3  from  the  empirical  fact,  n  may 
be  greater  than  6.  The  detonation  properties  of 
the  explosive  with  high  loading  density  strongly 
depend  on  the  parameter  n. 

As  n  is  decreased,  it  may  be  expected  from  the 
Hugoniot  relation  that  for  the  explosives  with 
relatively  higher  density:  (1)  C-J  temperature 
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(Tc_j)  will  decrease  due  to  the  contribution  of 
imperfection  term  in  the  second  term  of  Eq.  (12) 
for  the  internal  energy:  (2)  Pc_j  will  increase 
due  to  the  decrease  of  y  in  Eq.  (15).  In  present 
work  n=9  (a=1.85)  is  the  best  from  results  of 
the  variation  of  detonation  velocity  with  load¬ 
ing  density  (D-e0). 


volume  (CC/Gi 

Fig.  2  (b)  Experimental  (8)  and  calculated 
Hugoniot  for  the  liquid  nitrogen  using  KHT 
parameter  shown  in  Table  1 

The  A  is  adjustable  to  match  a  detonation  velo¬ 
city  data  for  a  given  value  of  n. 

(iv)  KHT  parameters. 

Experimental  Hugoniot  data  for  many  species, 
H20,  N2,  C02,  02,  CH4,  NH;t  are  used  to  ob¬ 
tain  the  EOS  constants  in  Eq.  (11)  and  A  . 
Hugoniot  temperatures  are  estimated  by  substi¬ 
tuting  experimental  P-V  Hugoniot  data  into  Eq. 
(12)  with  the  Rankine- Hugoniot  relation, 

E«  “  K0  =  1/2  (PH  +  PoHVo  -  V„)  .  (17) 

where  subscripts  0  and  H  refers  to  the  initial 
state  of  the  explosive  and  Hugoniots  respec¬ 
tively.  Decomposition  of  these  components  is  not 
considered. 

The  estimation  of  A,  also  is  required  for  the 
parameter  study  of  f(x)  in  Eq.  (1 1).  Since  the  con¬ 
dition  x  <  1  la  should  be  satisfied,  Aj  may  be  esti¬ 
mated  from  the  experimental  Hugoniot  data  of 
higher  PV/RT  with  large  variation.  Experimen¬ 
tal  results  of  the  liquid  oxygen  satisfies  such  a 


requirement.  As  shown  in  Fig.  1,  most  of  exper¬ 
imental  data  we  considered  fall  into  the  range 
of  results  of  liquid  oxygen  except  both  the  li¬ 
quid  hydrogen  and  the  liquid  nitrogen  in  which 
the  variation  of  PV/RT  is  relatively  small.  The 
experimental  result  of  the  detonation  property 
for  liquid  nitrogen  monoxide  by  Ramsey  (9)  is 
useful  to  determine  A  for  nitrogen. 


VOLUME  iCC/C) 

Fig.  2(c).  Experimental  and  calculated  Hu¬ 
goniot  for  the  solid  carbon  dioxide  using  KHT 
parameter  shown  in  Table  1 

In  this  way,  a  set  of  the  relation  for  P-V-T  and 
A  for  each  gaseous  detonation  products,  i.e.,  f(x) 
vs  x,  are  estimated.  Then  the  constants  in  f(x)  are 
determined  by  least  squares  fitting  .  A  for  the 
hydrogen  and  other  gases  are  estimated  by  con¬ 
sidering  molecular  diameter.  A  of  carbon  mono- 
oxide  which  decomposition  is  exothermic  is  ex¬ 
pected  to  be  same  with  the  value  for  the  nitro¬ 
gen  as  studied  by  Nellis  et  al  (6).  KHT  parameters 
are  given  in  Table  1.  Calculated  Hugoniots  for 
water,  nitrogen  and  carbon  dioxide  are  shown  in 
Fig.  2  with  experimental  data. 

2.2  Solids 

For  solid  detonation  products,  EOS  of  Mie- 
Gruneisen  of  the  form 

P  =  PC(V)  +  RV)/V  (E-Ec(Vj)  ,  (18) 

E  =  E*(T)  +  /JJ  [CvT-/J'(3E/3T)vdT| 

r(V)/V  dv  +  EC(V)  ,  (19) 
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Ec (V)  =  -  ll„  Pc  dv  ,  (20) 

is  used,  where  subscript  c  refers  to  the  isotherm 
at  0  K  and  f  is  Gruneisen  constant.  Then  chemi¬ 
cal  potential  for  solid  components  is  given  by 


both  the  curve  labeled  A  and  B  in  Figure  3  gives 
higher  detonation  velocities  for  explosives  with 
high  carbon  content,  where  JANAF  thermochem¬ 
ical  data  is  used  for  the  solid  carbon  with 
AHf  =  0. 

It  is  found  that  considerably  soft  carbon 


M  s  =  M  s*<T>  +  PVs  “  <PVS1*-  PC(V)  =  0.450653+4.17309  V-34.8893  V2 

/Jo  <pc(V)  +  E*(T)r(V)/V)dv  .  (21)  +76.0323  V3-54.2024  V4  ,  (22) 
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Fig.  3.  Experimental  Hugoniot  data  of  graphite 
(8)  and  diamond  I Curves  for  BKW  and  KHT 
show  0  K  istothernx.) 

The  Mie-Gruneisen  constant  or  the  thermal  ex¬ 
pansion  coefficient  is  a  most  effective  parameter 
to  calculated  results  of  detonation  properties 
when  thermodynamic  equilibrium  state  is  as¬ 
sumed.  Melting  of  the  solid  component  is  not  in¬ 
cluded  because  the  melting  point  under  the  high 
pressure  is  not  reliable  yet.  However,  calculated 
result  of  detonation  properties  of  aluminum  load¬ 
ed  explosives  including  melting  is  not  so  different. 

Solid  carbon  is  one  of  the  most  important 
detonation  products.  EOS  of  solid  carbon,  how¬ 
ever,  has  several  uncertainties  due  to  the  phase 
transformation  under  the  high  pressure  as  shown 
in  Fig.  3.  The  Hugoniot  of  pyrolytic  graphite  for 


where  P(Mbar)  and  V(cm3/g)  with  P/V  =  0.48 
(g/cm3),  reproduces  the  experimental  results  in¬ 
cluding  the  explosives  with  high  content  of  car¬ 
bon.  Constant  for  the  solid  carbon  is  given  in  Table 

2.  A  calculated  equilibrium  Hugoniot  for  liquid  car¬ 
bon  monooxide  with  this  soft  carbon  model 
reproduces  the  experimental  shock  Hugoniot  of 
Nellis  et  al  (6).  It  suggests  the  complicated 
mechanism  of  the  formation  of  solid  carbon  such 
as  coagulation  (7)  or  diamond  formation  (6). 

3.  CHAPMAN-JOUGUET  PROPERTIES 

The  detonation  properties  are  calculated  by 
modified  BKW  code  (3).  The  modified  code  which 
defined  C-J  point  as  minimum  shock  velocity  was 
checked  by  the  comparison  of  calculated  results 
of  detonation  properties  of  ideal  gases  calculated 
by  using  CEC  (5)  which  defines  C-J  point  that 
detonation  velocity  is  equal  to  sum  of  the  sound 
velocity  and  the  mass  velocity. 

Calculated  results  of  C-J  detonation  proper¬ 
ties  show  that  a  soft  equation  of  state  of  solid 
carbon  gives  better  agreement  for  most  of  ex¬ 
plosives  as  shown  in  Table  2,  Figure  4  and 
Figure  5. 

Solid  carbon  in  the  detonation  products  is  dis¬ 
appeared  as  the  loading  density  <  1.4  g/cm3  for 
PETN  and  <  1.0  g/cm3  for  RDX  as  shown  in 
Figure  4  and  5  by  the  change  of  the  slope  of 
detonation  velocity  to  the  density. 

Calculated  detonation  pressure  near  the  theo¬ 
retical  maximum  density  (TMD)  is  slightly 
lower  than  that  of  experiment. 

Calculated  C-J  temperature  for  RDX  is  3488 
K  while  BKW7  gives  2587  K.  BKW  using  soft 
carbon  and  JANAF  thermodata  gives  C-J  tem¬ 
perature  of  2701  K.  C-J  temperature  is  gener¬ 
ally  higher  than  several  hundred  Kelvins  com¬ 
paring  with  BKW  results  by  Mader7.  Calcu¬ 
lated  C-J  temperature  shows  maximum  to  the 
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variation  of  initial  density.  Maximum  temper¬ 
atures  are  4500  K  for  PETN  at  0.6  g/cm3, 4000 
K  for  RDX  of  1.1  g/cm3  and  3500  K  for  TNT 
of  1.4  g/cm3  to  the  variation  of  loading  density. 

For  TNT  in  which  the  amount  of  solid  carbon 
in  detonation  products  is  approximately  50 
mole  %,  calculated  detonation  velocity  and  pres¬ 
sure  for  initial  density  at  1.64  g/cm3  is  6950  m/s 
and  20.2  GPa  respectively  which  shows  satis¬ 
factory  agreement  with  experimental  detona¬ 
tion  velocity  of  6969  m/s  and  pressure  of  19 
GPa.  A  calculated  result  of  TATB  shows  still 
higher  detonation  velocity  than  that  measured. 

Calculated  results  of  KHT  show  significant 
disagreement  for  some  explosives.  These  non¬ 
ideal  explosives  are  CNO  explosives,  mixtures 
with  large  amounts  of  ammonium  nitrate  or  am¬ 
monium  perchlorate  or  heavy  metal  loaded  ex¬ 
plosives  as  in  BKW  results  by  Mader  (7)  except 
the  case  of  aluminum. 


0  0  0.  4  0.  8  1-2  1.  G  2. 0 

Initial  dens  i  t  y  Iq/'cc! 


Fig.  4(a).  Comparison  of  experimental10  and 
calculated  detonation  velocity  of  PETN  to  the 
initial  density 

For  CNO  explosives  near  TMD.  calculated  re¬ 
sults  of  detonation  velocity  are  lower  than  ex¬ 
perimental  results  which  show  significant  in¬ 
crease  of  the  detonation  velocity  to  the  varia¬ 
tion  of  leading  density  near  TMD.  The  higher 
repulsive  constant  A  of  intermolecular  potential 
for  r02  reproduces  the  experimental  results. 
(Table  3)  For  HNB,  experimental  detonation 
vekeity  is  9300  m/s  while  calculated  velocity  is 


8626  m/s  for  the  parameter  shown  in  Table  1. 
The  higher  C02  KHT  constant  gives  satisfac¬ 
tory  result  of  9129  m/s  for  HNB. 

For  explosives  containing  ammonium  nitrate 
or  perchlorates,  calculated  detonation  velocities 
also  are  higher  than  experimental  results.  The 
difference  for  detonation  velocities  is  generally 
500  m/s  or  more.  Numerical  hydrodynamic  cal¬ 
culations  using  the  isentrope  through  C-J  point, 
however,  reproduce  the  result  of  underwater 
detonation  tests.  Recent  intermolecular  explo¬ 
sives  containing  large  amounts  of  ammonium 
nitrate  show  the  ideal  detonation  properties12 
as  shown  in  Table  4.  Extremely  fine  “particles” 
of  ammonium  nitrate  may  be  ideal  explosives. 


0-  0  0-4  0-8  1-2  1-6  2-0 

Initial  aens i ty  (a/cc) 


Fig.  4 lb).  Comparison  of  experimental10  and 
calculated  detonation  pressure  of  PETN  to  the 
initial  density 

PETN  with  paraffin  of  25  wt.%  has  detona¬ 
tion  velocity  of  7,200  m/s  while  calculated  velo¬ 
city  is  8,000  m/s.  Mixtures  of  explosives  with 
large  amour  ,s  of  hydrocarbons  may  also  be 
nonideal. 

For  aluminum  loaded  explosives  near  the 
TMD,  KHT  results  of  detonation  properties 
give  satisfactory  agreement  with  experimental 
results  if  aluminum  is  assumed  to  be  an  inert 
solid  as  shown  in  Table  5.  However,  numerical 
hydrodynamic  solutions  to  reactive  aluminum 
show  the  favorable  agreement  with  results  of 
energy  measured  by  underwater  detonation  and 
cylinder  test  performed  by  Finger  et  al13  and 
Bjarnholt11. 


553 


TABLE  2 

Summary  of  Calculated  Results  of  Chapman-Jouguet  Detonation  Properties  for  CHNO  Explosives 


HMX 

RDX 

TNT 

PETN 

TATB 

NM 

Comp.B 

q0  (g/cm3) 

1.9 

1.8 

1.64 

1.77 

1.895 

1.131 

1.713 

AHf  (kcal/mole) 

17.89 

16.9 

-14.2 

-127. 

-33.4 

-27.0 

26.2(**; 

D  (mis)  calc. 

9075 

8743 

6969 

8289 

8029 

6272 

7991 

(*)  expt’l 

9100 

8754 

6950 

8300 

7860 

6290 

8030 

PCJ  (kbar)  calc. 

394 

336 

202 

303 

302 

122 

277 

(*)  expt'l. 

393 

347 

190 

335 

315 

127 

294 

TCj  (K) 

3361 

3488 

3414 

3657 

2656 

3296 

3551 

f  (Gruneisen) 

0.79 

0.78 

0.64 

0.78 

0.70 

0.66 

0.72 

C-J  equilibrium  detonation  comp' 

isition  (mole  %)  (***) 

h2o 

33.3 

33.2 

22.5 

36.2 

25.0 

47.2 

28.9 

C02 

16.5 

16.3 

14.9 

35.4 

12.5 

7.22 

15.8 

CO 

0.26 

0.63 

2.14 

1.82 

0.09 

5.47 

1.26 

N2 

33.2 

33.2 

13.6 

18.1 

25.0 

16.5 

25.3 

h2 

0.01 

0.04 

0.15 

0.07 

0.01 

2.20 

0.23 

NIL. 

0.02 

0.04 

0.06 

0.04 

0.01 

0.60 

0.06 

OH 

0.02 

0.00 

0.02 

0.06 

0.00 

0.03 

0.03 

CH, 

0.00 

0.00 

0.00 

0.00 

0.00 

0.04 

0.00 

NO 

0.11 

0.11 

0.03 

0.14 

0.01 

0.01 

0.08 

CIS) 

16.6 

16.4 

46.6 

8.20 

37.5 

20.8 

28.5 

(*)  From  Ref.  (7!  except  for  detonation  pressure  of  N'M.  (**)  Formula  weight  of  1kg. 
(***)  Calculated  detonation  products  of  02  and  H  were  less  than  0.01. 


Fig  5  Comparison  of  experimental  data11  i»ith 
calculated  results  of  detonation  velocity  of  R1JX 
and  TNT  t»  the  imt.ul  daraty 


The  calculation  of  C-J  detonation  properties 
of  lead,  copper  or  tungsten  loaded  explosives 
gives  higher  detonation  pressure  than  those 
measured.  For  lead  azide  and  silver  azide,  cal¬ 
culated  results  show  the  satisfactory  agreement 
with  experimental  detonation  velocity. 

Details  of  calculated  results  are  summarized 
in  Ref.  16. 

4.  CHAPMAN-JOUGUET  ISENTROPE 

KHT  isentrope  through  C-J  point  are  calcu¬ 
lated  to  study  the  energy  measured  by  under¬ 
water  detonation,  cylinder  test  or  blast  wave 
properties  or  metal  acceleration  studies.  The 
numerical  hydrodynamic  calculation  using 
KHT  isentrope  gives  several  useful  information 
for  the  research  of  industrial  explosives. 

KHT  isentrope  through  C-J  point  for  Composi¬ 
tion  B(RDX  64/TNT36)  is  compared  with  Jones- 
Wilkins-Lee  (JWL)  (13)  as  shown  in  Fig.  6.  BKW 
isentrope  for  Composition  B  which  is  calculated 
by  system  presented  here  shows  higher  energy 
release  than  that  of  present  work  and  JWL. 


TABLE  3 

Summary  of  Calculated  Results  of  Chapman-Jouguet  Detonation  Properties  for  CNO  Explosives 


Explosive 

C-J  Parm. 

Expt’l 

KHT(*) 

KHT(**) 

TNM 

D(m/s) 

6360 

6226 

q0  1.64  g/cm3 

P{kbar) 

159 

153 

AHf  8.8  kcal/mole 

T(K) 

2800 

1645 

TNTAB 

D(m/s 

8576 

8282 

8506 

q0  1.74  g/cm3 

P(kbar) 

314 

327 

AHf  270  kcal/mole 

T(K) 

4901 

4680 

HNB 

D(m/s) 

9300 

8626 

9129 

qq  1.973  g/cm3 

P(kbar) 

352 

390 

AHf  10  kcal/mole 

T(K) 

4544 

4216 

BTF 

D(m/s) 

8485 

8194 

8504 

q0  1.859  g/cm3 

P(kbar) 

360 

328 

356 

AH,-  144  kcal/mole 

T(K) 

_ 

4917 

4709 

(*)  Result  by  KHT  parameters  shown  in  'Fable  1. 

1**1  Repulsive  constant  of  A  for  C02  (=  14.0)  shown  in  Table  1  is  changed  to  15.5 


TABLE  4 

Summary  of  Calculated  Results  of  Chapman-Jouguet  Detonation  Properties 
for  Explosives  with  Ammonium  Nitrate 


Explosive 

C-J  Parm. 

Expt’l 

KHT 

Amatex  20  I*) 

D(m/s) 

7009 

7696 

q0  1.61  g/cm3 

P(kbar) 

235 

AHf  -467  kcal/kg 

T(K) 

2849 

Amatol  (*) 

D(m/s) 

5760 

7650 

q0  1.60  g/cm3 

P(kbar) 

224 

AHf  —679  kcal/kg 

T(K) 

2519 

W/O  Emulsion  (**) 

D(m/s) 

5800 

5863 

Co  l-1  8/cm3 

iJ(kbar) 

95 

All,  -1337  kcal/kg 

T(K) 

2160 

EAR  (***) 

I)(m/s) 

8170 

8083 

q0  1.63  g/cm3 

P(kbar) 

250 

249 

AHf  -808  kcal/kg 

TIKI 

2157 

EA  (****) 

U(m/s) 

7870 

7978 

p0  1.61  g/cin3 

Plkbar) 

230 

237 

AHf  -964  kcal/kg 

T(K) 

1938 

<*)  Amatex  20:  RDX  20'TNT  38, AN  42.  Amatol:  TNT  40/AN  60  (Ref.7) 

<**)  AN  75  Water  10, Oil  &  Miscellaneous  15 

(***)  HDD  (ethylenediamine  diiutrute)  42  5'AN  42.5'RDX  15  (Ref.  1 2) 

(****)  KOI)  50' AN  50  (Ref.  12) 


000 


TABLE  5 

Summary  of  Calculated  and  Experimental  Results  7  of  Ckapman-Jouguet  Detonation  Properties 

for  Aluminum  Loaded  Explosives 


Explosive 

C-J  Parm. 

Expt’l 

KHT 

(A1  reactive) 

KHT 
(A1  inert) 

Alex  20 

D(m/s) 

7530 

7348 

7523 

q0  1.801  g/cm3 

P(kbar) 

230 

245 

230 

AHf  -6.6  kcal/kg 

T(K) 

5202 

2869 

Alex  32 

D(m/s) 

7300 

6991 

7398 

q0  1.88  g/cm3 

P(kbar) 

215 

197 

222 

AHf  -8.7  kcal/kg 

T(K) 

5930 

2615 

I-IBX—1 

D(m/s) 

7224 

7132 

7234 

q0  1.72  g/cm3 

P(kbar) 

222 

209 

AHf  -18.3  kcal/kg 

— -  - 

T(K) 

4864 

2916 

Fig  6.  la)  Comp.B  isentrope 

CONCLUSION 

Modified  Kihara-Hikita  equation  of  state  com¬ 
bined  with  soft  carbon  model  and  JANAF  ther- 
modata  represents  *  he  detonation  properties  ex¬ 
cept  the  C-J  properties  of  explosives  with  large 
amount  of  nitrate  salts  and  inert  additives  and 
some  other  explosives.  For  practical  application 
to  blasting  or  mining,  revised  KIT  will  be  useful, 
but  the  adequate  equation  of  state  of  solids  undei 
high  temperature  has  to  be  investigated  in  detail 
for  the  calculation  of  the  detonation  properties. 


Fig.  6.  lb)  Comp.  B  isentrope 
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DISCUSSION 

P.  A.  BAUER,  Lab.  Energetique  et  de 
Detonique,  Poiters,  France 

So  far  the  KHT  equation  of  state  appeared  to 
yield  excellent  agreement  between  the  experimen¬ 
tal  and  calculated  CJ  detonation  characteristics 
in  the  case  of  most  high  explosives.  Therefore, 
don’t  you  think  it  would  be  worth,  on  a  fun¬ 
damental  point  of  view,  to  look  at  the  influence 
of  the  coefficient  n  that  would  likely  increase  the 
knowledge  of  the  molecular  interactions  in  the 
case  of  mixtures. 

REPLY  BY  K.  TANAKA 

The  change  of  both  the  detonation  velocity  and 
pressure  of  high  explosives  can  be  well  repro¬ 
duced  for  various  initial  densities  by  using  the 
coefficient  n  equal  to  9.  However,  some  experi¬ 
mental  results  fur  the  detonation  temperature 
measurement  suggests  more  higher  coefficient  n 
as  shown  in  Table  A.  In  our  EOS,  the  contribu¬ 
tion  of  imperfection  term  to  the  internal  energy 
of  the  detonation  products  can  be  given  by  Eq. 
(12).  Then  higher  n  reduces  the  effect  of  imperfec¬ 
tion  term  and  leads  to  the  increased  C-J 
temperature. 


TABLE  A 

Detonation  Properties  of  Nitromethane  Iq  —  1.131  g'cmV  and 
Tetra  Nitromethane  Mixture,  NM  +  x  TNM 


x  (mole 

i 

l 

0 

D  (m/s) 

j 

6272 

n  =  9  Pqj  (kbar) 

1 

122 

Tc  (K) 

j 

3296 

D 

t" 

1 

6281 

"  =  12  PCJ 

! 

| 

114 

Tcj 

3488 

D 

6252 

«  =  18  Pcj 

111 

Tci 

3682 

experimental 

j 

temperature  (a) 

j 

3700 

(a)  V  Kato.  1*  Bauer,  C  Brocket  and  R  Bouriannes,  IVoc.  Seventh  Symp.  (Intn'l)  on  Detonation,  768.  NSWC 
MP  82-334  (1981) 


DETONATION  TEMPERATURE  OF  NITROMETHANE 
AND  SOME  SOLID  HIGH  EXPLOSIVES 
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Detonation  temperature  of  nitromethane  and  some  solid  high  ex¬ 
plosives  (TNT,  tetryl,  PETN,  RDX,  and  HMX)  was  studied  with  a 
four  colour  pyrometer.  It  was  measured  not  only  the  temperature  of 
detonation  front,  hut  also  the  temperature  of  detonation  products  after 
the  interaction  between  detonation  front  and  transparent  anvil  The 
measured  temperature  of  detonation  products  was  compared  with 
the  results  of  numerical  simulation  performed  using  two-dimensional 
Lagrangian  hydrodynamic  computer  code.  The  good  agreement  was 
obtained  between  the  measured  and  calculated  temperature  of  detona¬ 
tion  products.  From  these  results,  it  was  shown  that  the  optical 
technique  is  capable  of  directly  measuring  the  temperature  of  detona¬ 
tion  products  during  isentropic  expansion  behind  detonation  front. 


INTRODUCTION 

It  is  important  to  know  the  detonation 
characteristics  (velocity,  pressure,  temperature, 
etc.)  of  high  explosives  both  from  practical  and 
theoretical  point  of  view.  Actually,  detonation 
velocity  and  pressure  can  be  measured  with  1% 
and  5%  respectively.  Detonation  temperature 
may  be  most  important  parameter  to  under¬ 
stand  chemical  kinetics  in  reaction  zone  and 
thermodynamic  slate  of  detonation  products. 
Yet,  detonation  temperature  remains  a 
parameter  which  is  difficult  to  be  measured. 

At  present,  for  various  applications,  the 
detonation  characteristics  can  be  predicted  us¬ 
ing  thermo-hydrodynamic  computer  codes  with 
various  types  of  equations  of  state  for  detona¬ 
tion  products.  1 1  is  well  known  that  the  detona¬ 
tion  velocity  and  pressure  are  less  dependent  on 


the  type  of  equation  of  state.  Measurements  of 
detonation  temperatures  are  very  important  as 
criteria  to  check  the  validity  of  equation  of 
state. 

Recently,  it  has  proved  that  the  measure¬ 
ments  of  detonation  temperature  by  optical 
technique  are  very  useful  tools  in  detonation 
study.  Initial  attempts  to  measure  detonation 
temperature  of  high  explosives  were  made  by 
Gibson,  et  a!.  (1),  followed  by  several  in¬ 
vestigators  (2,3,4).  The  emission  spectrum  of 
detonation  front  was  studied  by  Dremin  and 
Savrov  (5),  and  by  Trofimov  and  Trojan  (6)  us¬ 
ing  photoelectric  scanning  spectrometer.  More 
recently,  significant  contributions  were  made  by 
Urtiew  (7),  Burton,  et  al.  (8)  and  Kato,  et  al. 
(9,10)  taking  advantage  of  rapid  advance  of 
opto-electronics.  However,  in  these  studies, 
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the  measurements  were  limited  to  transparent 
liquid  explosives  or  explosive  mixtures,  and  the 
measured  detonation  front  temperature  was 
referred  to  Chapman-Jouguet  (CJ)  temperature 
according  to  the  physical  considerations. 

Measurements  of  detonation  temperature  of 
solid  explosives,  which  are  essentially  opaque 
and  granular,  present  serious  experimental 
problems.  Kato  and  Brochet  (11)  measured 
detonation  temperature  of  opaque  nitrometh- 
ane-aluminum  gels,  and  showed  that  the 
temperature  of  detonation  products  can  be  mea¬ 
sured  through  shock  loaded  transparent  anvil. 

In  this  study,  detonation  temperature  of 
nitromethane  and  some  solid  high  explosives 
was  investigated  with  optical  technique.  The 
measured  detonation  temperature  was  com¬ 
pared  with  the  results  of  numerical  simulation 
performed  using  two-dimensional  Lagrangian 
hydrodynamic  computer  code.  The  good  agree¬ 
ment  was  obtained  between  the  measured  and 
calculated  detonation  temperature.  It  was 
shown  thai  the  optical  technique  is  capable  of 
directly  measuring  the  temperature  of  detona¬ 
tion  products  during  isentropic  expansion 
behind  detonation  front. 

EXPERIMENT 

Detonation  temperature  was  measured  with 
a  four  colour  pyrometer  which  is  similar  to  that 
described  in  the  previous  work  (9).  The  four  col¬ 
our  pyrometer  is  consisted  of  condensing  optics, 
optical  fibres,  interferential  filters  (center 
wavelength  A=0.65,  0.75,  0.85,  and  0.95  pm; 
band  width  at  half  peak  transmission  AA =0.0 1 
/mi),  PIN  photodiodes,  and  amplifier.  Radiation, 
emitted  from  the  area  of  1  mm  in  diameter  on 
the  advancing  detonation  front  or  detonation 


products,  was  focused  on  one  end  of  optical 
fibres  by  condensing  lens.  The  output  of 
amplifier  was  recorded  by  digital  recorder 
(Sony-Tektronix  390  AD)  via  coaxial  cables  and 
50  ohm  load  resistors.  The  rise  time  of  overall 
system  was  measured  to  be  less  than  10  nsec. 
The  calibration  of  the  four  colour  pyrometer  was 
performed  with  a  tungsten  ribbon  lamp  and  a 
carbon  arc.  The  calibration  curve  is  different  in 
the  case  of  nitromethane  and  solid  explosives 
because  of  the  change  of  condensing  optics. 

The  explosives  studied  were  nitromethane 
and  five  pressed  solid  explosives  (TNT,  tetryl, 
PETN,  RDX,  and  HMX).  The  properties  of 
solid  explosives  are  presented  in  Table  1. 
Nitromethane  was  contained  in  brass  tube  of  60 
mm  long,  18  mm  in  diameter  and  1  mm  thick. 
Solid  explosives  were  contained  in  poly  (vinyl 
chloride)  (PVC)  tube  of  50  mm  long,  20  mm  in 
diameter  and  2  mm  thick.  The  detonation  tubes 
have  10  mm  thick  transparent  anvil  (pyrex 
glass)  at  one  end  and  booster  explosive  at  the 
other  end.  The  transparent  anvil  was  pressed 
to  the  end  surface  of  solid  explosive  to  avoid 
voids  at  the  interface  between  explosive  and  an¬ 
vil.  The  detonation  tube  was  placed  in  an  explo¬ 
sion  chamber  whose  internal  pressure  was 
reduced  to  20-30  mmHg  at  each  shot. 

RESULTS  ANI)  DISCUSSION 

Detonation  Temperature  of  Nitromethane 

Fig.  1  presents  typical  record  of  temperature 
measurements  of  nitromethane  detonation.  It 
was  shown  that  detonation  wave  propagates  at 
steady  state  after  short  overdriven  state,  and 
detonation  front  arrives  at  transparent  anvil  at 
about  9.5  //sec  after  initiation  (part  A  in  Fig.l). 
Five  shots  were  performed,  and  one  shot  was 
effectuated  with  filter  of  center  wavelength 
A=0.55  pm.  The  measured  detonation  front 


TABLE  1 


Properties  of  Solid  High  Explosives  Studied 


Name 

Formula 

Density  (g/cm:i) 

Composition 

TNT  2,4,6  Trinitrotoluene 

<VW>6 

— 

1.51  ±  0.01 

Tetryl  N-Methyl-N, 2,4.6  -  tetramtroaniline 

c7h5n5o8 

1  61  ±  0.01 

cont  1.0  wt.  %  graphite 

PETN  Pentaerythritol  tetranitrate 

tyvN,o12 

1.62  ±  0.01 

cont  4.7  wt.  %  wax 

RDX  Cyclotrimethylene  trinitramine 

c,h6nbo6 

166  +  0.01 

cont.  5.4  wt.  %  wax 

HMX  Cyclotetramethylene  tetranitramine 

1.63  ±0  01 

cont  5.5  wt.  %  wax 

559 


Hg.  1.  Typical  record  of  temperature  measure¬ 
ments  of  nitromethane  detonation 


temperatures  at  each  wavelength  were  pre¬ 
sented  in  Table  2.  Various  experimetnal  and 
theoretical  values  of  detonation  temperature  of 
nitromethane  were  summarized  in  Table  3.  The 
results  of  present  work  show  good  agreement 
with  the  experimental  values  obtained  by  Ur- 
tiew  (7}  and  Burton,  et  al.  (8),  and  with  the  CJ 
temperatures  calculated  with  JCZ-3  (17,18), 
WCA-4  (19)  and  KHT  (21)  equations  of  state. 

After  detonation  front  arrives  at  transparent 
anvil,  the  four  colour  pyrometer  measures  the 
temperature  of  detonation  products  which  were 
initially  at  the  interface  between  explosive  and 
anvil,  because  detonation  products  are  optical¬ 
ly  thick  (part  B  in  Fig.  1).  Fig.  2  shows  the  time 
history  of  measured  temperature  of  detonation 
products  front  and  anvil.  Reflected  shock  prop¬ 
agates  into  detonation  products,  as  shock  im¬ 
pedance  of  pyrex  glass  is  higher  than  that  of 

TABLE  2 

Measured  Detonation  Front  Temperature  at 
Different  Wavelength 


Wavelength 

Measured  Detonation 
Front  Temperature 

A  =  0.55  pm 
0.65 

0.75 

0.85 

0.95 

3390  ±  20  K 

3440 

3440 

3370 

3340 

TABLE  3 

Detonation  Temperature  of  Nitromethane 


Experimental 

Theoretical 

Reference 

Detonation 

Front 

Temperature 

Reference 

CJ 

Temperature 

Equation 
of  State 

Gibson,  et  al. 

(1) 

3800K 

Pickett 

(14) 

3808K 

LJD 

Voskoboinikov  and  Apin 

(2) 

3700 

Mader 

(15) 

3120 

BKVV 

Davis  and  Mader 

(31 

3380 

Cheret 

(16) 

3136 

BKW 

Burton  and  Hicks 

(4) 

3380 

Hardesty  and 
Kennedy 

(17) 

3510 

JCZ-3 

Dremin  and  Savrov 

(51 

3600 

Finger,  el  al. 

(18) 

3467 

JCZ-3 

Trofimov  and  Trojan 

(6) 

3600 

Pittion-Rossillon 
ana  Chiral  (19) 

3380 

WCA-4 

Malaval  and  Conze 

(12) 

3513 

de  Balzi,  et  al 

(13) 

3280 

Tanaka 

(21) 

3300 

KHT 

Urtiew 

(7) 

3300 

Burton  et  al 

(8! 

3430 

present  work 

3400 

. . . 
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Fig.  2  Time  History  of  Measured  and  Calculated  Temperature  of  Detonation  Products  of 
Nitromethane 


detonation  products.  But  in  most  experiments, 
the  slight  temperature  increase  due  to  reflected 
shock  is  not  observed.  The  temperature  of 
detonation  products  is  gradually  decreased 
because  of  Taylor  wave  behind  detonation  front. 
An  abrupt  decrease  of  temperature,  which  is 
caused  by  side  rarefaction  waves,  is  observed 
at  1.5-1. 7  psec  after  the  interaction. 

Detonation  propagation  in  nitro-methane  con¬ 
tained  in  brass  tube  cf  the  same  configuration 
as  experiments  was  simulated  using  two- 
deminsional  Lagrangian  hydrodynamic  com¬ 
puter  code  2DL,  with  CJ  volume  burn  techni¬ 
que.  KHT  equation  of  state  was  applied  to 
detonation  products.  Shock  Hugoniot  of  pyrex 
glass  was  assumed  to  be  equal  to  that  of  fused 
quartz  (22).  In  the  calculation,  the  Lagrangian 
hydrodynamic  equation  for  cylindrical  co¬ 
ordinate  are  transformed  to  the  finite  difference 
scheme  which  is  consisted  of  100  x  300  mesh 
points  (AH,  AZ  —  0.2  mm)  and  time  increment 
of  0.002  psec.  It  is  observed  that  side  rarefac¬ 
tion  waves  arrive  at  charge  axis  at  about  0.7  cm 
behind  detonation  front  and  decrease  the 
temperature  of  detonation  products,  and  that 
reflected  shock  propagates  into  detonation 
products  after  the  interaction  between  detona¬ 
tion  front  and  transparent  anvil.  The  time 
history  of  calculated  temperature  of  detonation 
products,  which  were  initially  at  the  interface 
and  charge  axis,  is  compared  with  that  of  ex¬ 
perimental  values  in  Fig.  2.  The  good  agreement 
between  the  measured  and  calculated  results 
was  obtained,  although  during  first  G.2-0.3  psec, 


the  rate  of  temperature  decrease  is  greater  in 
experimental  results  than  in  calculated  results. 
From  these  results,  it  was  shown  that,  with  the 
optical  technique,  it  is  possible  to  measure  the 
temperature  of  detonation  products  which  were 
initially  at  the  interface  between  explosive  and 
transparent  anvil.  The  optical  technique  was 
then  applied  to  temperature  measurements  of 
solid  explosives  which  are  essentially  opaque 
and  granular. 

Detonation  Temperature  of  Solid  High 
Explosives 

Fig.  3.  presents  typical  record  of  temperature 
measurements  of  TNT.  Because  solid  explosives 
are  opaque,  the  four  colour  pyrometer  begins  to 
record  the  radiation  emitted  from  detonation 
wave  when  detonation  front  approaches 
transparent  anvil.  During  first  0.2-0.5  psec, 
radiatio  intensity  increases  exponentially  as  the 
decrease  of  radiation  absorption  by  unreacted 
explosive,  and  it  attains  its  maximum  when 
detonation  front  interacts  with  transparent 
anvil. 

The  duration  of  this  peak  is  less  than  0.1 
/isec.The  measured  temperature  of  this  peak  is 
strongly  dependent  on  wavelength.  It  is  er¬ 
roneous  to  deduce  detonation  front  temperature 
from  this  peak  because  of  possible  effects  of 
voids  contained  in  granular  solid  explosive. 

As  in  the  case  of  nitromethane  detonation,  the 
temperature  of  detonation  products  is  measured 
after  the  interaction.  In.  Fig.  4.  it  is  shown  the 
time  history  of  measured  temperature  of 
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Fig.  3  Typical  record  of  temperature  measure¬ 
ments  of  TNT  detonation 

detonation  products  of  TNT  after  interaction. 
From  the  physical  considerations  of  the  struc¬ 
ture  of  detonation  wave,  it  is  considered  that 
the  four  colour  pyrometer  measures  the  temper¬ 
ature  of  hot  spots  at  the  peak.  It  is  estimated 
to  be  less  than  0. 1  psec  the  duration  of  hot  spots 
which  are  formed  in  the  detonation  front  of 
pressed  high  density  solid  explosives.  The 
temperature  decrease  due  to  side  rarefaction 
waves  io  observed  at  about  1.0  psec  after  the 
interaction. 

Detonation  propagation  in  solid  high  ex¬ 
plosives  contained  in  PVC  tube  was  simulated 
using  2D  I  -  computer  code  with  Forest  Fire  burn 
model.  KHT  equation  of  state  was  applied  to 
detonation  products.  In  the  calculation,  the 
charge  length  was  reduced  to  30  mm  because 
no  difference  was  observed  in  temperature  and 
pressure  profile  of  detonation  wave,  comparing 
with  ihc  ce.se  of  charge  length  50  mm.  The  mesh 
size  and  time  increment  were  the  same  as  in  the 
case  of  nitromethane.  The  time  history  of 
calculated  temperature  of  deconation  products 
is  compared  with  the  measured  values  for  TNT, 
in  Fig.  4.  “The  temperature  of  detonation  prod¬ 
ucts  is  slightly  increased  by  reflected  shock,  as 
shock  impedance  of  pyrex  glass  is  slightly 
higher  than  that  of  detonation  products  of  TNT. 
The  -ffects  of  side  rarefaction  waves  appear  at 
about  1.0  psec  after  the  interaction.  The  good 
agreement  was  obtained  between  the  measured 
and  calculated  results.  From  the  time  history 
of  measured  temperature  of  detonation  pro¬ 
ducts,  detonation  front  temperature  of  TNT  is 
determined  to  be  3600  ±  100  K,  and  it  is  com¬ 
pared  with  the  CJ  temperatures  calculated  with 
various  types  of  equations  of  state  in  Fig.  5. 


Fig.  4  Time  history  of  measured  and  calculated 
temperature  of  detonation  products  of  TNT 
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Fig.  5  Comparison  of  measured  detonation 
front  temperature  and  calculated  CJ 
temperatures  of  TNT 

The  records  of  temperature  measurements  of 
tetryl,  PETN,  RDX,  and  HMX  are  similar  to 
that  of  TNT.  It  is  compared  the  time  history 
of  the  measured  and  calculated  temperature  of 
detonation  products  for  tetryl.  PETN,  RDX, 
and  HMX  m  Fig.  6,  7, 8,  and  9  respectively.  The 
dispersion  of  measured  temperature  for  these 
explosives  is  greater  than  that  for  TNT.  In  the 
calculation,  after  detonation  front  arrives  at  the 


interface,  rarefaction  waves  propagate  into 
detonation  products,  as  shock  impedance  of 
pyrex  glass  is  slightly  smaller  than  that  of 
detonation  products.  The  effects  of  side  rarefac¬ 
tion  waves  appear  at  0.8-1.0  /usee  after  the  inter¬ 
action  in  the  experimental  results,  and  at  0.6-0.8 
/usee  after  the  interaction  in  the  calculated  results. 
The  good  agreement  was  obtained  between  the 
measured  and  calculated  results,  although  the 
measured  temperatures  are  500-800  K  higher 
than  calculated  temperatures.  From  the  time 
history  of  measured  temperature  of  detonation 
products,  detonation  front  temperatures  of 
tetryl,  PETN,  RDX,  and  HMX  are  determined 
to  be  4250±  150,  4400±150,  4300±150,  and 


4300±150  K  respectively.  They  are  compared 
with  the  CJ  temperatures  calculated  using 
various  types  of  equations  of  state  in  Fig.  10, 
11  and  13  respectively. 

SUMMARY 

The  temperature  of  detonation  products  of 
nitromethane  and  five  pressed  solid  explosives 
(TNT,  tetryl,  PETN,  RDX,  and  HMX)  was 
measured  with  a  four  colour  pyrometer,  as  well 
as  detonation  front  temperature.  The  measured 
temperature  of  detonation  products  is  considered 
be  very  close  to  the  temperature  of  detonation 
products  in  Taylor  wave,  because  shock 
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Fig  6.  Time  history  of  measured  and  calculated 
temperature  of  detonation  products  of  tetryl 


Fig.  H.  Time  history  of  measured  and  calculated 
temperature  of  detonation  products  of  RDX 
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Tig  7  lime  mstor\  of  meaasured  and  Fig.  9.  'lime  history  of  measured  and  calculated 
calculated  temperature  of  detonation  products  temperature  of  detonation  products  of  HMX 
of  PETN 


Fig.  10.  Comparison  of  measured  detonation 
front  temperature  and  calculated  CJ  temper¬ 
ature  of  Tetryl 
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Fig  11  Comparison  of  measured  detonan  v< 
front  temperature  and  calculated  CJ  temper¬ 
ature  of  PETN 

impedance  of  transparent  anvil  is  very  dose  to 
that  of  detonation  products  of  solid  explosives 
studied.  The  P-T  relation  of  detonation  products 
in  Taylor  wave  may  be  directly  measured  when 
co-operated  with  in-situ  pressure  gauge. 

In  the  present  study,  small  charge  diameter 
was  us-  d  by  the  limitation  of  experimental  facil¬ 
ity  With  larger  charge  diameter,  the  influences 


Fig.  12.  Comparison  of  measures  detonation 
front  temperature  and  calculated  CJ  temper¬ 
ature  of  RDX  and  HMX 

of  side  rarefaction  waves  can  be  retarded.  No 
particular  preparation  was  given  to  the  surface 
of  solid  explosives  which  was  pressed  to 
transparent  anvil.  Radiation  from  hot  spots 
formed  at  the  interface  between  explosive  and 
anvil  can  be  eliminated  by  careful  preparation 
of  the  surface  of  solid  explosives. 

The  temperature  of  detonation  products  of 
low  density  solid  explosives  can  be  measured  us¬ 
ing  the  four  colour  pyrometer. 
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DISCUSSION 

M.  HELD,  Messerschmitt-Bolkow-Blohm 
GmbH 

1.  Have  you  used  any  glue  between  pyrex 
glass  and  HE? 

2.  Vacuum  is  not  directly  necessary  for 
measurement,  only  for  less  blast  effect.  Is  this 
correct? 


REPLY  BY  Y.  KATO 


DISCUSSION 


We  used  silicone  oil  between  pyrex  glass  and 
HE  to  avoid  voids.  However,  silicone  oil  lost  its 
initial  transparency  immediately  after  shock  at¬ 
tack,  and  the  observed  signal  amplitude  was 
reduced  to  less  than  10%  of  that  obtained 
without  silicone  oil. 

Each  shot  was  performed  in  vacuum  only  to 
reduce  blast  effects. 

DISCUSSION 

W.  VON  HOLLE,  LLNL,  Livermore,  CA. 

Why  did  you  not  fit  the  radiance  data  from 
your  multi  wavelength  detection  to  black  body 
curves  with  the  emittance  as  an  adjustable 
parameter;  thus  deriving  a  best  fit  emittance? 
Emittance  values  would  be  particulaJy  in¬ 
teresting  for  the  solids.  Also,  did  you  check  to 
see  if  the  pyrex  anvil  remained  transparent  after 
shocking? 

REPLY  BY  Y.  KATO 

As  you  pointed  out,  it  is  very  interesting  to 
derive  emittance  values  from  black  body  curves 
fitting. 

We  did  not  check  that  the  pyrex  anvil  remains 
transparent  after  shock  attack.  We  consider 
that  the  good  agreement  between  measure¬ 
ments  and  numerical  simulation  in  the  case  of 
N  M  and  the  results  obtained  in  Ref.  1 1  indicate 
the  transparency  of  pyrex  anvil  shock  attack. 


JULIUS  ROTH,  Consultant,  Portola 
Valley,  CA 

I  understood  you  to  say  that  you  believed 
that  NM  and  maybe  the  solid  explosives  be¬ 
haved  like  black-body  radiators.  However,  your 
Figs.  2, 4, 6,  7, 8,  &  9  all  show  slightly  different 
temperatures  at  different  wave-lengths.  Indeed 
in  most  instances  the  temperatures  at  the 
longer  wave-lengths  are  somewhat  greater  than 
those  at  lower  wave-lengths.  Compacts  of  solid 
high  explosives  are  generally  excellent  diffuse 
reflectors.  Thus  it  is  possible  that  the  observed 
wave-length  effect  is  a  manifestation  of  light 
scattering?  Of  course,  this  would  not  explain 
this  effect  for  NM. 

REPLY  BY  Y.  KATO 

The  precision  of  calibration  of  our  pyrometer 
is  ±100  K  at  ~  3400  K.  The  measured 
temperatures  do  not  present  particular  wave¬ 
length  dependence.  It  is  difficult  to  say  that  the 
slight  temperature  difference  at  different  wave¬ 
length  depend  on  the  nature  of  detonation  prod¬ 
ucts.  We  performed  many  measurements  with 
various  liquid  explosives,  and  we  obtained  the 
similar  results,  ft  is  difficult  to  refer  the  ob¬ 
served  wave-length  effect  to  light  scattering. 


THE  MEASUREMENT  OF  DETONATION  TEMPERATURE  OF  CONDENSED 
EXPLOSIVES  WITH  TWO  COLOUR-OPTICAL  FIBER  PYROMETER 


He  Xianchu,  Han  Chengbung  and  Kang  Shufong 
Xian  No.  3  Chemical  Industrial  Institute 
Xian,  China 


A  transient  optical-electrical  two-colour  pyrometer  comlined  with 
optical-fiber  have  been  developed  for  measuring  aetonation 
temperature  of  condensed  explosives.  The  detonation  temperature 
of  NM  and  it's  mixtures  which  consist  of  different  ratios  of 
nitroethane,  acetone,  chloroform  or  carbon  tetrachloride,  are 
measured.  When  the  additives  are  increased  to  a  certain  content,  an 
interruption-redetonation  phenomenon  happens,  which  is  caused  by 
the  failure  waves.  Effects  of  treatment  methods  of  charge  of  solid 
explosives  on  measurement  oj  detonation  temperature  have  been 
studied.  Air  or  propane  seriously  affects  the  intensity  of  detonation 
light,  but  propane  is  more  luminious  than  air.  Treatment  of  charge 
with  vacuum  is  better  than  others.  The  detonation  temperature  of 
TNT,  Tetryl,  HMX  and  PETN  are  measured. 


INTRODUCTION 

Being  closely  related  with  detonation  kinetics 
and  initiation  mechanism,  detonation 
temperature  is  very  useful  in  the  study  of  high 
explosives.  So  far  as  CJ  temperature  is  con¬ 
cerned.  it  is  extraordinarily  important  in  the 
study  of  equation-of-state  of  detonation  pro¬ 
ducts.  In  practical  applications  the  knowledge 
of  detonation  temperature  is  helpful  for  us  to 
predict  and  control  the  performance  of 
explosives. 

The  measurement  of  detonation  temperature 
is  more  difficult  than  that  of  detonation  velocity 
and  detonation  pressure,  and  the  temperature 
profile  of  detonation  wave  in  condensed  explo¬ 
sives  has  not  been  measured  experimentally  yet. 
while  good  measurement  has  been  carried  out 
only  on  transparent  liquid  explosives.  Because 
of  some  difficulties  about  equipment  and  tech¬ 
nique.  the  experimental  measurement  of  detona¬ 
tion  temperature  isn’t  enough,  the  reported 
values  scatter  in  a  very  large  range,  thus  it  is 
exceptionally  necessary  to  study  a  variet>  of 
measuring  methods,  so  as  to  supplement  and 
clanfs  ihe  data  of  detonation  temperature* 


The  measurement  of  detonation  temperature 
of  condensed  explosives  was  first  performed  by 
Gibson  et  al  with  photoelectric  technique  (1), 
and  other  investigators  made  a  lot  of  contribu¬ 
tions  to  this  area  thereafter  (2-8).  Before  our 
measuring  work,  the  measurement  of  detona¬ 
tion  temperature  was  performed  by  determin¬ 
ing  thermal  radiation  of  detonation  front,  then 
being  derived  with  Wien's  law,  such  a  method 
either  required  high-quality  optical  system  to 
enable  light  source  produced  through  detona¬ 
tion  to  be  imaged  on  spectrograph,  or  required 
to  insert  infrared  detector  into  the  charge 
assembly,  so  every  shot  costs  a  lot  of  time  and 
money. 

We  now  have  developed  a  simple  set-up  for 
measurement  of  detonation  temperature.  Op 
tical  fiber,  which  is  instead  of  the  opl  ical  sys¬ 
tem.  receives  and  transmits  the  detonation 
light.  By  directly  inserting  fiber  into  charge 
assembly  and  determining  detonation  temper 
ature  from  paraxial  zone  of  explosives,  the  set¬ 
up  has  increased  spatial  resolution  and  reliably 
prevents  the  measurement  of  detonation  tem¬ 
perature  from  interfering  of  air-shock  waves. 
Because  of  flexibility  and  nearly  unconfined 
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GERALD  KERLEY,  Sandia,  Albuquerque 

Are  there  any  other  erplosves  that  should  ex¬ 
hibit  the  nitrogen  phase  separation  besides  the 
two  you  have  studied? 

REPLY 

BY  F.  H.  REE  AND  MAT  VAN  THIEL 

Our  study  of  PETN  also  indicates  such  a 
phase  change  (3).  In  the  case  of  PETN,  however, 
the  phase  separation  boundary  crosses  the 
Hugoniot  above  the  CJ  point  at  48  GPa  to  56 
GPa.  The  agreement  between  the  theoretical 
Hugoniot  and  the  experimental  data  of  Kineke 
{Ballistic  Research  Laboratories,  Rept,  DEA- 
G-1060MTG  (1970)]  is  approximately  similar  to 
that  of  PBX-9404  in  Fig.  1.  A  comparison  of  the 
PBX-9404  and  PETN  results  shows  that 
PBX-9404  has  a  lower  CJ  temperature  (by 
about  600  K)  but  a  higher  CJ  pressure  (by  5 
GPa).  The  higher  temperature  and  lower 
pressure  of  PETN  places  its  CJ  point  in  the 
homogeneous  fluid  range. 

The  aforementioned  fluid  phase  change  is 
probably  a  general  characteristic  of  explosives 
with  a  high-nitrogen  content.  This  contention 
may  be  verified  using  RX-23-AB.  It  produces 
mostly  H20  and  N2  (14),  both  of  which  are 
chemically  stable.  Hugoniot  experiments  above 
30  GPa  shot  Id  provide  a  simple  test  of  the 
predicted  fluid  phase  separation. 


JAMES  L.  AUSTING,  ITT  Research  '  istitute, 
Chicago,  Illinois 

Since  your  reported  C J  temperatures  for  each 
explosivs  show  a  much  broader  range  in  com¬ 
parison  ,o  the  other  CJ  parameters,  could  you 
please  c<  mment  on  which  values  of  temperature 
you  cor  sider  to  be  the  most  valid,  and  most 
representative  of  what  would  be  obtained 
experimentally? 

REPLY 

BY  F.  H.  REE  AND  MAT  VAN  THIEL 

The  CHEQ  and  the  JCZ3  temperatures  in 
Table  2  should  represent  reasonable  values  for 
the  equilibrium  temperature.  It  is  worth  men¬ 
tioning  that  the  computed  temperatures  are 
very  sensitive  to  the  small  changes  in  the 
parameters  of  the  models  in  Table  2.  Hence,  the 
10%  difference  between  the  CHEQ  and  the 
JCZ3  temperatures  probably  is  within  the 
uncertainties  of  these  models.  The  BKW  EOS 
tends  to  give  a  much  lower  temperature  than 
the  CHEQ  and  JCZ3  predictions.  The  BKW 
EOS  predicts  similar  low  temperatures  for  other 
explosives  (14).  It  may  be  a  basic  shortcoming 
in  the  BKW  EOS  which  ignores  the  static  con¬ 
tributions  to  pressure  and  energy.  Calculations 
by  us  as  well  as  by  others  (see  papers  by  Show 
and  Johnson,  Chirat  and  Baute,  Byers  Brown, 
and  Kerley  in  this  symposium)  indicate  that 
both  the  static  and  the  thermal  contributions 
to  thermodynamic  properties  are  about  equal¬ 
ly  important  in  the  pressure  and  temperature 
range  of  the  CJ  point. 

It  should  be  pointed  out  that  the  experimental 
shock  temperature  obtained  from  shock  front 
luminosity  may  or  may  not  represent  a  real 
equilibrium  temperature  at  the  CJ  point,  since 
the  screening  of  the  radiation  by  an  optically 
thick  reaction  zone  would  prevent  the  radiation 
emitted  from  the  equilibrated  zone  (i.e.,  CJ 
point)  behind  the  reaction  zone  from  reaching 
the  measuring  apparatus.  The  luminosity  data 
(22)  of  benzene,  for  example,  is  consistent  with 
this  view. 
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Fig.  1.  Schematic  diagram  of  the  transient  optical-electric  two  colour  pyrometer 


usable  length  of  fiber,  furthermore,  the  measure¬ 
ment  is  less  limited  by  test  site.  In  short,  with 
our  set-up  we  can  not  only  save  time  and  cost, 
but  obtain  more  reliable  data  of  detonation 
temperatures. 

PRINCIPLE  ANI)  APPARATUS 

The  transient  optical  electric  two  colour 
pyrometer  combined  with  optica!  fiber  is  shown 
in  Fig.  1.  One  of  the  ends  of  the  fiber  is  as¬ 
sembled  with  the  charge,  and  used  for  receiving 
and  transmitting  light  signal  of  detonation.  The 
light  which  goes  into  spectrometer  from  the 
other  end  of  the  fiber  was  split  into  two  narrow- 
bands.  The  light  signal  was  transformed  into 
electrical  signal  with  photomultiplier  and 
recorded  with  wideband  oscilloscope. 

If  C.J  '  T>2.5,  the  intensity  of  spectral  ra¬ 
diant  can  e  expressed  with  Wien’s  law: 

L 0  U.T)  =  e( A.T)C ,  A  "  5exp  ( -  C2  /  AT)  ( 1 ) 

where  T-the  temperature  of  radiant,  A-the 
wavelength  of  radiant  light,  £(A.T)-the 
emissivity  of  radiant,  C,,  C2-the  first  and  se¬ 
cond  radiation  constant  respectively.  When 
measurement  is  performed  within  a  limit  of 
definite  spectral  band,  then 

L(A.T)=L°(A.T)  (AA/1/4  (II] 


ifjrjege  AA-spectral-band  width  in  fim.  In  this  set¬ 
up,  the  radiant  light  radiates  on  photocathodes 
of  photomultipliers  through  the  optical  system 
which  was  composed  of  fiber  and  a  spec¬ 
trometer,  with  effective  power: 

P  =  A  ■  Q  •  fl  ■  L(A.T)  (3) 

where  A,C2-coie  area  and  light-receiving  solid 
angle  of  fiber,  /J-effective  transmissivity.  The 
voltage  recorded  on  the  oscilloscope  is: 

V  =  P  •  S  •  G  (4) 

where  S-spectral  response  sensitivity  of 
photomultiplier,  G-amplifier  gain.  The  photo¬ 
electric  colorimetric  measurement  of  tempera¬ 
ture  determines  the  temperature  of  a  radiator 
through  measurement  of  voltage  signal  ratio  of 
radiant  lights  which  come  from  two  spectral- 
bands.  When  we  express  two  spectral-band 
channels  by  i  and  j,  then: 

Vi  _  Pj  •  gi  •  Gj  .  L(A„  A  Aj,  T)  (5) 

Vj  fjj  •  Sj  •  G"  L(Ar  A  A  j,  T) 

If  apparatus  structure,  element  parameters  and 
operation  conditions  are  defined,  then,  /?,  G,  S, 
A  and  AA  are  all  determined,  thus 
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where  K  is  a  constant.  Being  taken  logarithmic 
transformation,  the  formula  mentioned  above 
becomes: 

LnVi/Vj— Ln£i/£j  =  a  +  b  (1/T)  (7) 

where  a  and  b-instrumental  constants  under 
special  operation  conditions.  For  black  body  or 
grey  body,  the  formula  is  converted  to: 

LnVi/Vj  =  a  +  b  (1/T)  (8) 

By  formulas  (7)  and  (8).  this  apparatus,  once  in¬ 
strumental  constants  are  calibrated,  can  im¬ 
mediately  be  used  for  measurement  of 
temperature. 

In  the  calibration,  the  luminous  tungsten  rib¬ 
bon  of  a  2500  °C  standard  temperature  lamp  im¬ 
ages  on  receiving  end  of  the  fiber  through 
eliminable-color-difference  lens.  The  radiant 
light  of  the  radiator  at  known  temperature  is 
received  and  conducted  with  fiber,  and  radiates 
into  temperature  -measuring  system.  Cor¬ 
responds  g  to  6  temperature  points  of  standard 
temperature  lamp,  we  can  obtain  6  sets  of  Vi 
and  Vj.  According  to  the  6  sets  of  T.  Vi  and  Vj, 
and  using  least-square-method,  we  can  derive 
instrumental  constants  a  and  b  of  formula  (7). 
The  test  shows  that  the  linear  relation  between 
LnVi/Vj  and  1/T  is  rather  good,  and  linear  cor¬ 
relation  coefficient  can  attain  0.999.  After 
calibration,  keeping  operation  conditions  un¬ 
changed  and  transferring  fiber  into  the  charge 
assembly,  we  can  perform  the  measurement  of 
detonation  temperature. 

The  fiber  which  we  adopt  has  following 
specifications:  core-diameter  0.06mm,  outer- 
diameter  0.15mm,  numerical  aperture  0.18  and 
1000  M  length  per  disk.  The  fiber  is  damaged 
1  M  or  so  per  shot  and  each  disk  can  be  used 
many  times.  Before  test  must  cut  fiber  with  dia¬ 
mond  cutter,  so  as  to  obtain  an  end-face  which 
approaches  specular  face  in  flatness. 

Spectrometer  is  composed  of  field  lens,  spec¬ 
tral  split  mirror  and  filter.  The  half-width  of  the 
filter  is  less  than  130  A,  the  selection  of  color- 
metric  wavelength  depends  on  the  range  and 
the  sensitivity  requirement  of  temperature 
measurement  by  colormetry.  Two  central  wave¬ 
lengths  which  we  chose  are  4880  A  and  6940  A. 


EXPERIMENTS  AND  RESULTS 

1.  The  measurement  of  detonation  temperature 
of  NM.  liquid  explosive. 

NM.  is  one  of  typical  liquid  explosives  and  its 
detonation  temperature  has  been  measured  by 
some  investigators.  In  order  to  examine  our  set¬ 
up  and  contrast  with  former  data,  we  measured 
detonation  temperature  of  NM.  of  first.  The 
charge  assembly  which  we  adopted  is  shown  in 
Fig.  2.  Aluminized  mylar  film  divides  plastic 
tube  of  inner-diameter  32  mm  into  upper- 
chamber  and  lower-chamber  and  the  fiber  only 
receives  NM.  detonation  radiant  light  from  the 
upper-chamber.  The  typical  oscilloscopic 
records  are  shown  in  Fig.  3  and  Fig.  4. 
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Fig.  2.  Charge  assembly  for  measurement  of 
detonation  temperature  of  NM 
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Fig.  3.  The  oscilloscopic  records  of  the  intensi¬ 
ty  of  radiant  light  at  two  spectral  bands  in  the 
detonation  of  NM.  (fiber  is  immersed  into  NM.) 


When  the  end-face  of  fiber  was  immersed  in¬ 
to  NM.  and  there  was  about  20  mm  from  the 
aluminized  mylar,  the  results  shown  in  Fig.  3 
were  obtained. 

From  Fig.  3,  the  sweep  time  base  after 
oscilloscope  being  triggered  by  ion  probe,  and 
the  plateau  trace  of  detonation  radiant  light  can 
be  seen.  If  the  liquid  explosive  is  transparent 
and  its  detonation  is  steady,  the  light  power 
received  with  fiber,  which  is  proportional  to  core 
diameter  and  numerical  aperture  of  fiber  will  be 
same  during  propagation  of  detonation  wave, 
there  upon  oscillogram  is  presented  as  a 
plateau,  (oscilloscopic  trace  reserve  observation) 
When  the  end-face  of  fiber  wasn’t  immersed  into 
NM.  and  there  was  a  short  distance  from  liquid 
surface,  the  results  shown  in  Fig.  4  were 
obtained. 
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Fig  4  The  oscilloscopic  records  of  the  intensity 
of  radiant  l  it'll  t  at  two  spectral  bands  in  the  det¬ 
onation  of  NM  (fiber  isn't  immersed  into  NM) 

It  can  be  seen,  when  detonation  wave  arrives 
at  the  interface  of  liquid-air,  that  the  intensity 
of  the  radiant  light  is  first  slightly  weaker,  then 
suddenly  intensified.  This  extraordinary  inten- 
‘•\e  radiant  light  is  attributed  to  strong  com¬ 
pression  of  air  by  shock  wave.  We  made  detona¬ 
tion  temperature  measurement  of  NM.  under 
10°C-26!'C  surroundings.  The  average  values  of 
52  tests  is  3595K  with  standard  error  of  5 IK. 
For  comparison  some  of  measurement  and 
calculation  values  are  shown  in  Table  I. 

2.  Detonation  temperatures  of  mixed  liquid  of 
NM.  and  inert  additives. 

We  have  determined  detonation  temperature 
of  mixed  liquid  of  NM  with  acetone,  nitro- 
ethane,  chloroform  or  carbon  tetrachloride,  and 
recorded  change  of  radiant  light  in  brightness 
during  detonation.  The  charge  assembly  used 
for  experiment  is  analogous  with  Fig.  2,  but 


without  mylar  film,  and  inter-trigger  means  is 
adopted  for  oocilioscope. 


TABLE  1 

The  Detonation  Temperatures  of  NM 


E/T 

reference 

temperature  (Kj 

E 

this  paper 

3595 

E 

Gibson 

(1) 

3800 

E 

Voskoboinikov  (2) 

3700 

E 

Mader 

(9) 

3380 

E 

Burton 

(3) 

3380 

E 

Trofimov 

(8) 

3600 

E 

Malaval 

(6) 

3530 

E 

Persson 

(5) 

3120 

E 

Ur;iew 

(4) 

3300 

E 

Burton 

(10) 

3430 

T 

Mader 

(ID 

3167(BKW) 

T 

Hardesty 

(12) 

3544.  3700 

T 

Finger 

(13) 

2600(BKW) 

3467(.JCZ3) 

2954(BKWR) 

E:  Experimental  value 
T:  Theoretical  calculation  value 


Thus  detonation  light  signal  from  the  whole 
liquid  explosive  charge  is  received  with  fiber. 
The  detonation  temperature  and  behavior  of 
these  liquid  explosives  are  shown  in  Table  2. 
The  change  of  detonation  temperature  with  con¬ 
tents  of  additives  is  shown  in  Fig.  5.  It  can  be 
seen  that  a  small  quantity  of  acetone  would 
cause  a  drastically  decreasing  of  detonation 
temperature,  while  a  great  mass  of  CC 1  still 
makes  the  detonation  of  the  mixtures  pro¬ 
ceeding  on,  and  the  detonation  temperature 
decreases  slowly  with  the  increasing  of  additive 
contents. 

The  "interruption”  of  detonation  shown  in 
Table  2  indicated:  when  the  content  of  additives 
in  NM  increases  to  certain  extent,  liquid  ex¬ 
plosive  mixtures  can  be  still  initiated  by  booster 
(diameter  30  mm,  length  25  mm,  TNT  charge), 
however,  the  detonation  wave  can  propagate  no 
more  after  a  definite  duration.  This  phenomenon 
can  be  judged  from  the  disappearance  of 
brightness  of  radiant  light  and  the  fragments 
recaptured  in  cartridge  case.  The  oscillogram  of 
radiant  light  brightness  of  the  mixed  liquid  of 
NM  and  CCl.,  during  detonation  is  shown  in 


TABLE  2 

The  Detonation  Temperature  and  Behavior  of 
Mixed  Liquid  Explosives 


Composition 

V% 

T(K) 

Detonation 

Behavior 

NM 

3595 

Complete 

Detonation 

NM/Acet 

95/5 

3450 

tt 

NM/Acet 

90/10 

3240 

Interruption 

NM/NE 

90/10 

3470 

Complete 

Detonation 

NM/NE 

85/15 

3400 

Interruption 

Detonation 

NM/NE 

80/20 

3220 

Interruption 

nm/chcl3 

90/10 

3530 

Complete 

Detonation 

NM/CHCLg 

80/20 

3440 

Interruption 

Redetonation 

NM/CHCL;, 

70/30 

3340 

Interruption 

NM/CCL., 

90/10 

3550 

Complete 

Detonation 

NM/CCL., 

80/20 

3520 

Complete 

Detonation 

NM/CCL4 

70/30 

3470 

H 

NM/CCL., 

60/40 

3380 

H 

nm/ccl4 

50/50 

3300 

Interruption 

Redetonation 

NM/CCL* 

45/55 

2950 

Interruption 

NM-Nitromethane,  Acet- Acetone, 
NE-Nitroelhnne,  CHCLg-Chloroform, 
CCL.j-Carbon  tetrachloride 


T  (K) 


Fig.  5.  The  change  of  detonation  temperature 
with  contents  of  additives  in  liquid  explosives 


Fig.  6.  When  NM/CCL4  is  45/55  (volume  per¬ 
centage)  the  propagation  of  detonation  wave 
tends  to  break  off  after  4gs  of  propagation. 
However,  when  NM/CCL4  is  50/50,  the 
phenomenon  of  interruption-redetonation  oc¬ 
curs,  i.e,  the  detonation  wave  tending  to  break 
off  repropagates  again.  When  additive  content 
increases,  you  know,  reaction  heat  decreases, 
detonation  temperature  falls,  reaction  zone  is 
widened,  and  the  critical  diameter  of  detonation 
increases,  accordingly.  When  tl  3  diameter  of 
tube  approaches  the  critical  value,  detonation 
would  be  unsteady. 


Fig.  o'.  'The  oscillogram  of  the  brightness  of  ra¬ 
diant  light  at  the  two  spectral  bands  in  the 
detonation  of  NM/CCL.S 
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When  failure  wave  eats  up  to  central  region  of 
charge,  the  dark  zone  enters  into  visual  field  of 
fiber,  so  that  light  radiation  power  received  by 
fiber  reduces,  and  the  oscillogram  presents  the 
state  of  trace  of  return-to-zero.  As  redetonation 
zone  reenters  into  visual  field  of  fiber,  the  radi¬ 
ant  light  power  received  with  fiber  increases  to 
former  value,  thus  presents  the  same  trace  of 
oscillogram  as  shown  in  Figure  6. 


3.  The  measurement  of  detonation  temperature 
of  solid  explosives. 

The  measurement  of  detonation  temperature 
of  solid  explosives  is  more  difficult  than  liquid 
explosives,  because  most  solid  explosives  are 
not  transparent,  moreover,  it  is  quite  difficult 
to  assemble  the  probe  into  charge.  Even  if  the 
probe  can  be  assembled  into  charge,  there  will 
be  interface  between  the  probe  and  explosive. 
As  we  determine  temperature  by  radiamury, 
we  can  only  determine  the  brightness  of  radiant 
light  at  the  moment  when  it  just  radiates  out 
from  the  end  of  the  detonation  charge.  Thus  the 
reflection  of  detonation  wave  at  the  interface 
will  change  the  pressure  of  detonation  products, 
and  that  would  lead  the  temperature  deter¬ 
mined  not  corresponding  to  true  detonation 
temperature.  At  present,  we  still  can’t  evaluate 
how  much  effect  there  is.  For  this  reason,  we 
want  to  use  a  transparent  material,  which  is  of 
impedance-matching  with  the  explosive,  for 
covering  over  the  end  of  charge,  but  it  is  dif¬ 
ficult  for  us  to  get  such  matching  really.  The 


transparent 

liquid 


test  charge  - 


booster 


-  - 

* 

/ _ 

♦ 

* 

* 

• 

; 

optical  fiber 
^Supporting  cap 


plastic  tube 


y 


Fig  7  Cl large  assembly 


charge  assembly  with  which  we  determined 
detonation  temperature  is  shown  in  Fig.  7. 
Covering  over  explosives  with  transparent  li¬ 
quid  can  not  only  eliminate  the  influence  of 
luminescence  of  air-shock  wave  on  the  results, 
but  improve  the  impedance  matching.  We  have 
tested  three  transparent  liquid,  water,  glycerin 
and  bromoform,  of  different  impedance.  It  is 
shown  that  if  the  voidage  in  charge  is  less,  said 
three  materials  have  no  apparent  effect  on 
results  of  detonation  temperature,  and  the  data 
are  ivithin  the  experimental  error.  For  conven¬ 
ience,  from  then  on,  we  merely  use  water  as  clos¬ 
ing  medium  of  charge. 

Supposing  propane  not  luminous,  Gibson  et 
al  has  used  propane  to  substitute  air  in  charge 
(1)  in  order  to  eliminate  the  influence  of  air  on 
the  measurement  of  detonation  temperature.  It 
is  considered  that  the  intensity  of  detonation 
light  doesn’t  depend  on  the  properties  of  gases 
in  the  void  of  charge,  and  the  brightness  of 
detonation  light  (14)  is  unchanged  by  elimina¬ 
tion  of  void  gases.  In  order  to  determine 
temperature  reliably,  some  experiments  in 
regard  to  the  effect  of  void  gases  on  the 
measurement  of  detonation  temperature  have 
been  done.  Three  treatment  methods  of  charge 
have  been  used:  the  first  method  is  an  ordinary 
one,  in  which  the  charge  is  pressed  in  at¬ 
mosphere  and  covered  by  water  before  measure¬ 
ment  of  detonation  temperature;  the  second  is 
that  of  filling  charge  with  propane,  i.e.  the 
charge  is  pressed  in  propane  atmosphere  and 
covered  bv  water  before  measurement  of  deto¬ 
nation  temperature;  the  third  is  a  vacuumiza- 
tion  method,  the  charge  is  pressed  in  the 
vacuum  condition,  and  covered  by  water  under 
vacuum  before  measurement  of  detonation 
temperature. 

The  pressed  charge  were  made  into  two  sizes: 
one  is  15  mm  diameter  by  15  mm  length  and  the 
other  30  mm  diameter  by  30  mm  length.  Two 
or  three  pieces  of  charge  were  assembled  in 
plastic  tube  shown  as  Fig.  7  for  experiment.  The 
result  indicates  that  the  data  of  detonation 
temperature  determined  with  two  sizes  of 
charges  are  coincident.  The  oscillograms  ob¬ 
tained  in  experiments  are  shown  in  Fig.  8.  The 
detonation  temperature  of  solid  explosives  was 
determined  with  peak  values. 

Detonation  temperature  of  TNT  and  tetryl  of 
different  densities  was  determined  with  three 
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10  mv/di v  10  mv/di  v 

0.1  gs/div  0.1  ps/div 

6940A  4880A 

Fig.  8.  The  oscillograms  of  brightness  of  radiant 
light  in  detonation  of  Tetryl  charge  1—1.70) 
under  vacaumization.  (two  spectral  bands) 


T  (K) 


Fig.  9.  The  relation  between  detonation 
temperature  and  densities  of  TNT  under  dif¬ 
ferent  conditions 


Fig  10.  The  relation  between  detonation 
temperature  and  densities  of  Tetryl  under  dif¬ 
ferent  conditions 


different  treatment  methods  of  charge.  The 
histories  of  detonation  temperature  variating 
with  density  of  the  two  explosives  are  shown 
in  Fig.  9  and  Fig.  10.  It  can  be  seen  from  Fig. 
9  and  Fig.  10  that,  although  the  luminescence 
caused  by  outer  air  shock  wave  is  restrained 
with  water,  the  air  and  propane  in  the  charge 
will  still  increase  the  brightness  of  detonation 
light,  as  would  effect  the  measurement  results 
of  detonation  temperature.  The  lower  the  den¬ 
sity  of  charge  and  the  more  the  void  gas,  the 
more  the  effect  would  be  and  the  more  drastic, 
the  rising  of  detonation  temperature  with 
decrease  of  density.  But  the  detonation 
temperature  of  charges  treated  by  vacuumiza- 
tion  varies  slightly  with  density,  and  would  rise 
smoothly  when  density  increases.  This  trend  is 
distinct  from  that  of  air  or  propane.  All  these 
evidently  show  the  influence  of  air  and  propane, 
the  later  being  more  than  the  former.  Gibson’s 
detonation  temperature  data  are  in  agreement 
with  outs  in  propane.  Because  of  enlargement 
of  the  brightness  of  detonation  light  due  to  pro¬ 
pane,  it  seems  to  be  impossible  that  these  data 
reflect  detonation  temperature  of  solid  ex¬ 
plosives  truly. 

In  theoretical  calculation  of  detonation  temp¬ 
erature,  there  will  be  large  differences  between 
results  obtained  with  different  forms  of  EOS, 
and  the  variation  trend  be  also  different. 
Therefore,  the  experiment  measurement  of 
detonation  temperature  will  be  helpful  for  study 
of  EOS  of  detonation  products.  Unfortunately, 
there  are  few  measuring  data  on  detonation 
temperature  of  solid  explosives.  We  suppose 
that  the  values  of  detonation  temperature  of 
solid  explosives  treated  by  vacuumization  are 
more  reliable  and  comparable  to  many  calcula¬ 
tion  values  published  recently.  The  results  of 
detonation  temperature  determined  by  us  for 
TNT  Tetryl  HMX  and  PETN  are  presented  in 
Table  3  with  standard  error  of  about  100K,  and 
other  experimental  and  calculating  values  ob¬ 
tained  by  some  investigators  also  presented  for 
comparison. 

At  present  the  measurement  of  detonation 
temperature  of  solid  explosives  isn’t  very 
perfect  yet,  the  following  questions  are  worthy 
of  consideration:  first,  does  the  method  of  end 
measurement  reflects  the  detonation  tempera¬ 
ture  of  solid  explosives  truly?  Second,  when 
impedance  mismatches,  how  much  extent  does 
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TABLE  3 

The  Detonation  Temperature  of 
Solid  Explosives 


E/T  D(g/cc) 

T(k) 

i 

Reference 

TNT 

1.489 

2514 

1.560 

2587 

This  paper 

E 

1.607 

2589 

1.50 

4417 

Gibson  (15) 

1.60 

4170 

Cook  (16) 

1.64 

2937 

Mader  (11) 

T 

1.63 

2562(BKW) 

3501(JCZ3) 

2698(BKWR) 

Finger  (13) 

Tetryl 

1.559 

2933 

1.631 

3054 

This  paper 

E 

1.700 

3248 

1.62 

5251 

Gibson  (1) 

T 

1.70 

2751 

Mader  (11) 

HMX 

E 

1.763 

3038 

This  paper 

2264(BKW) 

T 

1.89 

37261JCZ3) 

3093(BKWR) 

Finger  (13) 

PETN 

1.709 

3816 

This  paper 

E 

1.56 

5823 

Gibson  (1) 

1.77 

4200 

Voskoboinikov 

(2) 

2S31(B.-:W) 

T 

1.77 

423?(J>'  Z3) 
3445(BKWR) 

Finger  (13) 

of  black  body  or  grey  body?  All  these  questions 
mentioned  above  should  be  studied  still  further. 
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this  method  affect  the  measuring  values?  Third, 
when  charges  are  covered  with  transparent 
materials,  how  long  can  the  transparency  last, 
and  will  the  change  of  transparency  fog  the  ex¬ 
act  measurement  of  detonation  temperature? 
And  more,  does  the  radiant  nature  of  detona¬ 
tion  front  of  solid  explosives  correspond  to  that 
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Cast  high  explosives  based  on  TNT/nitro guanidine  (Nigu)  and 
TNT/ammoniumnitrate  (AN)  with  and  without  different  amounts  of 
aluminium  (Al)  were  initiated  in  a  firing  chamber  in  argon  as  the  am¬ 
bient  gas. 

As  well  the  detonation  gas  mixture  as  the  solid  reaction  products 
were  analyzed  with  the  aim  to  determine  the  energy  output  and  the 
completeness  of  the  detonation  reaction.  The  experimental  analysis 
was  compared  with  values  calculated  by  using  TIGER  BKW  and 
TIGER  JCZ3  Codes. 


INTRODUCTION 

Cast  high  explosives  based  on  TNT  and 
nitroguanidine  (Nigu)  or  ammonium  nitrate 
(AN)  have  become  interesting  over  the  last  few 
years  on  account  of  their  insensitivity  to  exter¬ 
nal  influences,  for  cost  reasons,  and  due  to  the 
easy  accessibility  of  their  components. 

In  particular,  the  possibilities  of  using 
spherical-grain  nitroguanidine  (1)  and  phase- 
stabilized  ammonium  nitrate  (2),  both  manufac¬ 
tured  at  the  Fraunhofer-Institut  fur  Treib-  and 
Explosivstoffe,  have  considerably  improved  the 
basic  prerequisites  for  the  preparation  of  these 
case  explosives. 

The  components  mentioned  are  especially 
suitable  for  preparing  explosive  charges  for 
large  calibers,  as  the  problem  otherwise  en¬ 
countered  small-caliber  quantities,  i.e.  the  ex 
plosive  behaviour  of  AN  which  deviates  from 
the  ideal,  may  be  disregarded  to  the  latter  case. 

At  present,  the  behavior  of  detonation  prod¬ 
ucts  in  expansion  is  primarily  determined  in 
detonation  calorimeters  (3).  On  account  of  their 
limited  volume,  it  is  only  possible  to  detonate 
charges  in  calorimetric  bombs  which  have  great¬ 
ly  limited  charge  diameters. 

To  study  the  behaviour  of  the  castable  high 
explosives  quoted,  charge  diameters  of  at  least 


40  mm  are  required,  as  preliminary  trials  have 
shown,  if  no  confinement  is  to  be  applied.  From 
these  masses  of  explosive  charge  amounting  to 
more  than  200  g  come  into  consideration.  If,  as 
happened  in  the  present  case,  charge  diameters 
of  50  mm  are  used,  explosive  masses  of  approx. 
300  g  are  obtained. 

It  is  easy  to  understand  that  charges  of  this 
size  can  only  be  tested  in  detonation  chambers 
(4). 

OBJECTIVES 

It  is  the  aim  of  this  study  to  test  cast  high 
explosives  based  on  TNT  and  nitroguanidine  or 
ammonium  nitrate,  with  and  without  alumi¬ 
nium  as  additional  component,  in  order  to  find 
out  the  degree  of  completeness  with  which  their 
detonation  reaction  takes  place.  This  should  be 
performed  in  a  manner  which  allows  for  a  quan¬ 
titative  analysis  of  the  reaction  products  in 
gaseous  and  condensed  form  produced  during 
detonative  reaction. 

In  doing  so,  the  experimentally  composition 
of  the  detonation  products  obtained  is  to  be 
compared  with  results  obtained  with  the  aid  of 
thermodynamic/hydrodynamic  codes.  In  this 
case,  the  TIGER-BKW  and  the  TIGER-JCZ3 
Codes  are  concerned. 
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EXPERIMENTAL  METHODS 

1.  Firing  Chamber 

In  order  to  generate  the  detonation  products 
required,  explosives  charges  were  used  with 
diameters  of  50mm  and  masses  of  over  300  g 
in  a  detonation  ci  .mber  with  a  volume  of  1.5 
cubic  meters.  71. o  chamber  was  designed  for  a 
static  pressure  of  up  to  40  bars.  Gas  changing 
was  accomplished  by  evacuation. 

In  order  to  prevent  a  post  detonation  combus¬ 
tion  with  oxygen,  the  shots  were  fired  in  argon 
as  the  ambient  gas  or  in  vacuum. 

2.  Detonator  and  Booster 

The  detonator  was  a  Dynamit  Nobel  blasting 
cap  Nr.  8,  commercially  available.  For  all  firings 
a  cylindrical  booster  consisting  of  10  g  RDX 
was  used.  In  some  cases,  an  additional  booster 
of  18  g  of  the  same  diameter  as  the  test  charge 
und  6  to  7  mm  long  was  applied  to  improve  the 
-eproducibility  of  the  shots.  The  heat  of  explo¬ 
sion  was  5470  J/g. 

3.  High  Explosives 

For  the  preparation  of  the  castable  high  ex¬ 
plosives,  we  used  40-60%  TNT  and  different 
amounts  of  spherical  grain  nitroguanidine 
(Nigu)  with  and  without  additional  aluminium 
(Al).  The  same  compositions  were  cast  using 
40-80%  TNT  and  different  portions  of  phase 
stabilized  ammonium  nitrate  (AN}  with  and 
without  additional  Al.  The  bulk  density  of  Nigu 
was  1,04  g/eem  and  the  average  grain  size 
125pm.  Aluminium  exhibited  a  mean  particle 
size  of  15pm,  and  AN  of  137pm. 

The  following  compositions  have  been 
investigated: 

—  Composition  B 

-  50%  TNT/50%  NIGU 

-  50%  TNT/40%  NIGU/10%  Al 

-  50%  TNT/30%  NIGU/20%  Al 

-  50%  TNT/20%  NIGU/30%  Al 

-  50%  TNT/50%  AN 

-  50%  TNT/40%  AN/10%  Al 

-  50%  TNT/30%  AN/20%  Al 

-  50%  TNT/20%  AN/30%  Al 

-  50%  TNT/50%  NIGU  (Vacuum) 

-  50%  TNT/50%  AN  (Vacuum) 


4.  Analysis  of  the  gas  mixture  and  the  solid 
residue 

When  the  shot  was  fired,  the  static  pressure 
was  measured  and  gas  samples  were  taken  for 
the  mass  spectrometric  analysis  of  H2,  N2,  CO, 
C02,  CH4,  N<"\  N20,  HCN  and  the  chemilu¬ 
minescence  analysis  of  NO/NOx. 

Samples  of  the  solid  residue  were  analyzed  in 
order  to  determine  the  C,  H,  N  content  of  car¬ 
bon  black  and  the  content  of  NH3.  The  amount 
of  unreacted  aluminium  was  analyzed  according 
to  the  method  of  Schultze-Tiemann,  which 
allows  to  determine  the  H2-volume: 

2  Al  +  6  HC1  “*•  2  A1C13  +  3  H2. 

The  amount  of  reaction  water  and  ammonia 
was  calculated  via  mass  balance  methods,  this 
also  including  the  proportion  of  solid  carbon. 
For  these  calculat  ons,  a  computer  program  was 
established.  The  same  holds  for  the  calculation 
of  the  heat  of  detonation  (— HD)  as  the  enthalpy 
difference  of  the  reaction  products  and  the  ex¬ 
plosive.  As  a  means  of  qualifying  the  energy 
output,  additionally  the  freeze-out  temperature 
(Twg)  of  the  water  gas  products  was  calculated 
via  the  equilibrium  constant  of  the  reaction 
CO  +  H20  ^  C02  +H2;  AH  =  -  41,0  kJ. 

Finally,  the  result  of  the  product  composition 
was  compared  with  values  of  a  theoretical 
calculation  using  the  TIGER-BXW-Code  and 
TIGER- JCZ3-Code. 

RESULTS 

1.  Composition  B 

In  order  to  assess  the  analysis  methods,  Com¬ 
position  B  was  first  of  all  examined,  as  analyses 
values  on  this  explosive  are  already  available 
to  us  in  literature  (3).  In  Table  1,  the  results  ob¬ 
tained  in  the  detonation  chamber  are  compared 
with  those  measured  in  a  detonation  calorimeter 
by  D.L.  Ornellas  (3).  It  must  here  be  mentioned 
that  the  trials  performed  in  the  detonation 
chamber  were  set  off  without  confinement  of  the 
explosive  charge.  The  reaction  products  obtained 
in  the  detonation  calorimeter  were  found  to 
possess  a  higher  C02  content  and  a  low  CO  con¬ 
tent.  This  is  clearly  due  to  the  high  confinement 
of  the  explosive  material  in  a  gold  cylinder  (3). 
The  somewhat  greater  detonation  heat  can  also 
be  explained  by  the  confinement.  On  the  whole, 
the  results  agree  quite  good,  if  we  take  into  ac¬ 
count  th°  different  experimental  preconditions. 
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In  Table  2,  the  results  obtained  from  detona¬ 
tion  products  in  the  firing  chamber  are  com¬ 
pared  with  those  obtained  from  theoretical 
calculations.  Both  computer  codes  show  a  dif¬ 
ferent  composition,  as  well  compared  with  the 
result  of  Ornellas  as  with  the  result  of  ICT. 

2.  Explosive  charges  based  on  TNT  and  Nigu 

2.1  50  TNT/50  Nigu  (ZV) 

The  detonation  products  of  an  explosive 
charge  consisting  of  50%  TNT  and  50%  Nigu 
are  different  to  those  found  with  Composition 
B,  particularly  due  to  the  relatively  high  con¬ 
tent  of  hydrogen  cyanide  (HCN)  as  well  as  the 
increased  quantities  of  ammonia  (NH3),  see 
Table  3.  The  increased  formation  of  HCN  is  due 
to  the  presence  of  Nigu  in  the  explosive  charge. 
Because  HCN  is  an  endothermal  compound,  it 
is  not  possible  to  calculate  it  cirrectly  using  a 
thermodynamic  code 

2.2  TNT-Nigu  '•harges  containing  A1 

The  presence  of  uiuminium  (Al)  leads  to  an  in¬ 
crease  in  detonation  temperature,  produced  by 
the  reaction  of  Al  to  form  aluminium  oxides.  As 
the  02-balance  is  greatly  reduced  with  AT,  H2 
increases  and  C02  decreases,  see  Tables  4,  5, 
12.  Table  4  and  5  show  the  product  composition 
of  the  explosive  charges  with  10%  and  20%  Al. 
In  addition,  Table  12  gives  the  gas  composition 
of  different  explosive  mixtures  with  different 
contents  of  Al  between  10%  and  30%. 

As  seen  from  the  formation  of  H2,  CO  and 
C02,  it  is  shown  that  an  increase  in  the  Al  con¬ 
tent  to  more  than  20%  produces  no  marked  in¬ 
crease  in  the  formation  of  H2.  This  means  that 
the  reaction  of  Al  with  the  water  vapor  in  the 
detonation  products  is  practically  exhausted  to 
its  full  extent  at  an  Al  content  of  20%  already. 
As,  in  the  solid  reaction  products,  a  considerable 
amount  of  Al  was  found  which  had  not  par¬ 
ticipated  in  the  reaction  (Tables  4  and  5),  the  op¬ 
timum  in  energy  yields  is  thus  already  exceed¬ 
ed  at  a  20%  Al  content.  It  was  also  possible  to 
see  that  an  only  incomplete  reaction  had  been 
obtained  in  this  case  from  the  fact  that  detona¬ 
tion  heat  was  lower  than  the  value  measured  in 
the  detonation  charge  containing  10%  Al  only 
(see  Tables  4,  5  anad  13). 

In  this  connection  it  may  be  of  interest  to 
compare  the  measured  detonation  velocities 


with  the  calculated  values,  see  Table  13. 

3.  Detonation  products  of  explosive  charges 
based  on  TNT/AN 

3.1  50  TNT/50  AN 

Because  of  the  higher  oxygen  content  of  am¬ 
monium  nitrate  (AN),  compared  with 
nitroguanidine,  TNT/AN  charges  are  supposed 
to  produce  a  lower  proportion  of  carbon  in  the 
solid  residue.  Whereas  a  carbon  formation  of 
16.3  mol%  was  obtained  on  examination  of  the 
50%  TNT/50%  Nigu  charge  (Table  3),  it  was 
possible  to  achieve  a  value  as  low  as  only  7.7 
mol%  carbon  using  an  explosive  charge  contain¬ 
ing  50%  TNT/50%  AN.  A  clear  difference  also 
manifested  itself  in  the  case  of  HCN,  whose  con¬ 
centration  was  here  much  lower  than  in  the 
charges  containing  NIGU,  see  Table  6. 

3.3  TNT/AN  charges  containing  Al 

The  relevant  gas  combinations  determined 
with  different  Al  contents  can  be  seen  in  Table 
12,  whereas  the  complete  product  combinations 
are  shown  in  Tables  7-9. 

From  Table  12,  it  is  possible  to  deduce  a  clear 
dependency  of  the  H2  and  C02  concentrations 
in  conjunction  with  a  rising  Al  content,  starting 
from  charges  free  of  aluminium  up  to  those  con¬ 
taining  30%  of  the  metal. 

Whereas  the  charge  containing  20%  Al  had 
a  relatively  complete  reaction,  recognizable 
from  the  high  detonation  heat  (Tables  8  and  13), 
an  increase  in  the  Al  content  from  20  to  30% 
brought  no  further  improvement  of  the  energy 
output  (see  Tables  8  and  9). 

Contrary  to  the  explosives  containing  Nigu, 
which  have  a  maximum  detonation  heat  value 
at  10%  aluminium  content  already,  the  max¬ 
imum  energy  obtained  in  the  explosives  contain¬ 
ing  AN  was  not  reached  until  a  level  of  20%  Al 
was  introduced,  thanks  to  the  improved  02 
balance  of  the  charges  containing  AN2. 

'i.Detonation  in  Vacuum 

Additional  tests  have  been  accomplished  to 
find  out  the  difference  of  the  product  gas  for¬ 
mation  under  the  vacuum  conditions  compared 
with  argon  atmosphere. 

For  this,  two  different  cast  high  explosives 
have  been  used:  50%  TNT/50%  NIGU  and  50% 
TNT/50%  AN. 
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4.1  53%  TNT/50%  NIGU 

After  placing  the  charge  in  its  horizontal 
hanging  position,  the  firing  chamber  was 
evacuated. 

The  results  of  the  vacuum  shot  is  compared 
with  the  shot  in  argon  in  Table  10. 

We  see  very  clear  differences  in  the  formation 
of  H2,  CO,  C02,  H20  and  carbon.  Because  of 
the  much  lower  content  of  C02  and  i  \rbon,  the 
heat  of  detonation  of  the  vacuum  shot  is  by 
20,7%  lower  than  under  argon  as  the  ambient 
gas.  It  looks  as  if  argon  behaved  as  a 
confinement. 

4.2  50%  TNT/50%  AN 

It  is  not  difficult  to  understand  that  an  am¬ 
monium  nitrate  containing  explosive  charge 
reacts  differently  from  a  charge  with 
nitroguanidine,  if  we  compare  the  oxygen 
balances: 

02— balance 

50%  TNT/50%  NIGU  -52,4% 

50%  TNT/50%  AN  -27,0% 

The  higher  the  oxygen  balance,  the  lower  the 
carbon  formation.  This  means  that  high  ex¬ 
plosives,  which  exhibit  only  a  low  oxygen  defi¬ 
ciency,  will  produce  nearly  the  same  product 
gas,  when  initiated  under  the  different  condi¬ 
tions.  Due  to  this  circun, stances,  the  heats  of 
detonation  are  not  very  different,  see  Table  1 1. 

5.  Comparison  of  product  composition  with  the 
results  of  the  TIGER-BKW  Code  and  TIGER- 
JCZ3  Code 

In  order  to  establish  the  relationship  between 
the  experimentally  determined  product  compo¬ 
sitions  and  the  theoretically  calculated  results, 
comparitive  calculations  were  performed  using 
the  TIGER-BKW  and  the  TIGER-JCZ3  Codes. 
From  Table  2,  in  which  the  results  of  the  ex¬ 
plosive  charge  containing  Composition  B  were 
drawn  up  by  comparison,  it  can  be  seen  that,  for 
example  CO  and  C02  agree  better  with  the  ex¬ 
perimental  values  if  calculated  with  the  JCZ3 
Code  than  with  the  TIGER-BKW  Code,  al¬ 
though  the  proportions  of  H20  and  C(s)  are 
greatly  different  from  the  result  of  analysis. 
Similiar  conditions  also  apply  to  the  explosive 
charges  containing  TNT/Nigu,  TNT/AN  and  the 
charges  with  aluminum. 


SUMMARY 

This  study  deals  with  the  determination  of 
the  detotation  reaction  of  insensitive  cast  high 
explosives  based  on  TNT/nitroguanidine 
(NIGU)  and  TNT/ammonium  nitrate  (AN),  in 
each  case  with  and  without  the  addition  of  dif¬ 
ferent  quantities  of  Aluminium  (Al),  as  tested 
in  the  detonation  chamber. 

It  was  found  that  nitroguanidine  containing 
explosives  give  rise  to  a  much  higher  concen¬ 
tration  of  hydrogen  cyanide  (HCN)  than  Com¬ 
position  B  and  ammonium  nitrate  containing 
charges. 

The  addition  of  10%  Al  to  a  TNT/NIGU 
charge  reacted  in  a  more  complete  way,  i.e.  pro¬ 
duced  a  higher  energy  output  as  compared  to 
the  degree  of  detonation  heat,  the  explosive 
charges  containing  20%  and  30%  Al. 

In  the  last  two  cases,  large  amounts  of 
unreacted  Al  coulc  be  analyzed  in  the  solid 
residue. 

Using  TNT/AN  charges,  on  the  other  hand, 
the  maximum  energy  was  not  reached  until  20% 
Al  was  added. 

A  comparison  of  the  detonation  products 
analyzed  with  values  calculated  using  the 
TIGER  Codes  BKW  and  JCZ3  did  not  produce 
a  satisfactory  agreement,  even  when  the  ex¬ 
perimentally  determined  freezing  out 
temperatures  of  the  detonation  products  were 
taken  as  a  basis  for  the  theoretical  calculations. 

This  findings  indicate  the  importance  of  ex¬ 
perimental  analysis  of  post  detonation  products 
in  the  detonation  chamber. 

REFERENCES 

1.  W.  Engel,  “Darstellung  von  kugeligem 
Nitroguanidin,”  Jahrestagung:  Fraunhofer- 
Institut  FiirTreib-  und  Explosivstoffe  1981, 
pp.  21-29. 

2.  W.  Engel,  “Beitrag  zur  Phasenstabilisierung 
von  Ammoniumnitrat,"  Explosivstoffe  21 
(1973),  pp.  9-13 

3.  D.L.  Omellas,  "Calorimetric  Determinations 
of  the  Heat  and  Products  of  Detonation  for 
Explosives,”  October  1961  to  April  1982, 
UCRL-52821,  Lawrence  Livermore  National 
Laboratory,  April  5,  1982. 


580 


TABLE  1 

Detonation  Products  of  Composition  B: 
Comparison  Between  Firing  Chamber 
and  Detonation  Calorimeter 


ICT 

LNNL 

(D.  Ornellas) 

Charge  weight,  g 

304,1 

25,1 

Charge  Diameter 

50  mm 

12,7  mm 

Booster 

10  g  RDX 

0,25  g  PETN 

Products,  mol% 

n2 

23,4 

24,2 

h2 

5,5 

4,1 

CO 

20,4 

14,9 

co2 

10,8 

16,4 

ch4 

0,2 

0,7 

HCN 

0,6 

0,4 

NH3 

2,9 

3,1 

h20 

19,6 

20,2 

C's) 

16,6 

17,8 

NO,  ppm 

25 

-hd.  J/g 

4966 

5299 

Two-  K 

2760 

2150 

TABLE  2 

Detonation  Products  of  Composition  B: 
Comparison  of  Experimental  with 
Calculated  Values 


Charge  weight 

304,1  g 

Charge  diameter: 

50  mm 

Products,  mol% 

TIGER 

TIGER 

BKW 

JCZ3 

n2 

23,4 

24,2 

26,3 

”2 

5,5 

0,6 

11,0 

CO 

20,4 

2.5 

27,6 

co2 

10,8 

15,5 

’2,6 

ch4 

0,2 

0,8 

4.3 

HCN 

0,6 

— 

0.02 

nh3 

2.9 

0,4 

0,3 

h2o 

19,6 

27,4 

12.1 

C(s) 

16,6 

28,3 

5,8 

NO,  ppm 

25 

“Hd,  J/g 

4966 

Two-  K 

2760 

TABLE  3 

Detonation  Products  of 
50%  TNT/50%  NIGU  (ZV) 


Charge  weight: 

305,1  g 

Charge  diameter: 

50mm 

Products,  mol% 

TIGER 

BKW 

n2 

23,1 

26,5 

h2 

3,3 

0,1 

CO 

14,9 

0,6 

co2 

14,3 

9,5 

ch4 

0,2 

0,3 

HCN 

2,9 

— 

NH3 

11,4 

0,4 

h2o 

13,7 

30,7 

CCs) 

16,3 

32,0 

NO,  ppm 

66 

-hd,  J/g 

3742 

Two-  K 

1935 

TABLE  4 

Detonation  Products  of 
50%  TNT/40%  NIGU/10%  A  l 


Charge  weight: 

305,1  g 

Charge  diameter: 

50mm 

Products,  moI% 

TIGER 

BKW 

n2 

21,8 

26,2 

h2 

5,7 

4,3 

CO 

13,6 

8,5 

co2 

7.3 

5,2 

ch4 

0,7 

3,8 

HCN 

3,2 

— 

NH3 

8,9 

0,7 

K.0 

11,2 

18,7 

C<«) 

23,2 

28,2 

Al203(s) 

4,5 

4,3 

NO,  ppm 

136 

~Hd,  J/g 

5226 

twg*  k 

1770 

Solid  residue:  8,6%  A1 

581 


TABLE  5 

Detonation  Products  of 
50%  TNT/30%  NIGU/20%  Al 


TABLE  7 

Detonation  Products  of 
50%  TNT/40%  AN/10%  Al 


Charge  weight: 

308,4  g 

Charge  diameter: 

50  mm 

Products,  mol% 

TIGER 

BKW 

n2 

17,9 

23,0 

h2 

14,5 

20,6 

CO 

23,4 

18,7 

co2 

3,5 

0,4 

ch4 

0,4 

3,0 

HCN 

7,2 

0,04 

nh3 

3,5 

0,14 

h2o 

4,5 

1,7 

C(s) 

11,4 

23,4 

AMs) 

9,1* 

— 

A1203(s) 

4,5* 

9,0 

NO,  ppm 

1240 

~Hd,  J/g 

4226 

T\VG'  K 

1380 

Solid  residue:  10- 

15%  Al 

♦For  50%  conversion  of  Al 


TABLE  6 

Detonation  Products  of 
50%  TNT/50%  AN 


Charge  weight: 

301.6  g 

Charge  diameter: 

50mm 

Products,  mol% 

TIGER 

TIGER 

BKW 

JCZ3 

n2 

21,8 

22,5 

24,6 

H, 

4,7 

0,01 

8,1 

CO 

14.8 

0,2 

14,7 

CO., 

14.1 

16,4 

19,9 

ch4 

0.1 

0.1 

4,8 

HCN 

0.35 

0,02 

nh3 

2,8 

0,2 

0,6 

h2o 

33.7 

41,3 

27,2 

C(s) 

7.7 

19,2 

0,0 

NO,  ppm 

10 

-Hq,  J/g 

4555 

T\vu>  K 

3140 

f  .large  weight: 

301  g 

Charge  diameter: 

50mm 

Products,  mol% 

TIGER 

BKW 

n2 

17,4 

22,6 

h2 

12,2 

4,4 

CO 

29,9 

7,4 

co2 

9,1 

13,8 

ch4 

0,1 

5,0 

HCN 

0,9 

— 

nh3 

10,2 

0.4 

h20 

13,7 

26,4 

C(s) 

1,6 

15,2 

A1203(s) 

4,9 

4,8 

NO,  ppm 

3 

-Hd.  J/g 

5203 

Tvvg.  K 

1770 

Solid  residue:  2%  Al 

TABLE  8 

Detonation  Products  of 
50%  TNT/30%  AN/20%  Al 


Charge  weight: 

302,3  g 

Charge  diameter: 

50mm 

Products,  mol% 

TIGER 

BKW 

n2 

15,8 

20,4 

h2 

16,3 

18,9 

CO 

29,0 

25,4 

co2 

1,0 

3,4 

ch4 

0,1 

5,4 

HCN 

0,5 

0,01 

nh3 

8,2 

0,2 

h2o 

7,2 

6,9 

C(s) 

12,0 

9  q 

A1203(s) 

9.9 

16.- 

NO,  ppm  3 

-Hd,  J/g  6549 

Solid  residue:  1,8%  Al 

582 


TABLE  9 

Detonation  Products  of 
50%  TNT/20%  AN/30%  AL 


Charge  weight: 

299  g 

Charge  diameter: 

50  mm 

Products,  mol% 

n2 

13,4 

h2 

12,6 

CO 

24,6 

o 

o 

0,4 

CH, 

0,05 

HCN 

0,6 

nh3 

4,4 

h2o 

8,3 

C(s) 

14,6 

Alls) 

14,1* 

Al203(s) 

7.1* 

NO,  ppm 
-Hn.  J/g 

22 

5333  (incomplete 
reaction) 

♦Calculated  for  a  50%  conversion  of  A1 


TABLE  10 

Comparison  Between  Argon  as  the  Ambient 
Gas  and  Vacuum  of  the  Charge 
50%  TNT/50%  NIGU 


Products,  mol% 

Argon 

Vacuum 

n2 

23,11 

24,40 

h2 

3,31 

14,64 

CO 

14,88 

38,29 

o 

o 

to 

14,31 

4,11 

CH., 

0,19 

0,03 

HCN 

2,89 

0,85 

nh3 

11,38 

7,50 

h20 

13,67 

7,96 

C(s) 

16,26 

2,23 

-Hd,  J/g 

3724 

2968 

TABLE  11 

Comparison  Between  Argon  as  the  Ambient 
Gas  and  Vacuum  of  the  Charge 
50%  TNT/50%  AN 


Products,  mol% 

Argon 

Vacuum 

n2 

21,77 

22,54 

h2 

4,74 

7,33 

CO 

14,77 

19,82 

co2 

14,07 

9,52 

CH, 

0,12 

0,01 

HCN 

0,35 

— 

nh3 

2,77 

— 

h20 

33,72 

35,53 

C(s) 

7,69 

6,63 

-Hd,  J/g 

4556 

4500 

DISCUSSION 

Y.M.  TIMNAT,  Techninon,  Haifa,  Israel 

What  was  the  accuracy  of  your  measure¬ 
ments? 

REPLY  BY  F.  VOLK 

The  accuracy  of  the  main  components,  deter¬ 
mined  in  volume  percent  by  mass  spectrometry, 
is  better  than  ±0,5  percent. 

The  reproducibility  of  the  shots  is  usually  bet¬ 
ter  than  1,5  Vol%  for  high  concentrations. 

DISCUSSION 

JAMES  RITCHIE,  Los  Alamos  National 
Laboratory 

What  heat  of  formation,  AHf,  of  carbon  did 
you  use  in  your  calculations. 

It  would  be  most  interesting  to  measure  this 
for  each  shot  to  see  how  the  carbon  varies  from 
explosive  to  explosive.  Additionally  a  C,H,N, 
analysis  to  determine  elemental  composition 
would  be  helpful.  These  experiments  wouid 
serve  to  characterize  what  we,  almost  certain¬ 
ly  incorrectly,  call  solid  carbon.  A  further  point 
is  that,  regardless  of  the  problem  with  after¬ 
shocks  ?  being  on  the  principal  isentrope,  it 
would  be  important  to  determine  how  the 


TABLE  12 

Detonation  Gases  of  High  Explosives  Containing  TNT-NIGU  and  TNT— AN 


Trial  No. 

61/63 

16 

18 

21 

34/36 

38 

40 

43/45 

Composition 

wt.% 

50  TNT 

50  NIGU 

50  TNT 
40  NIGU 
10  A1 

50  TNT 

30  NIGU 
20  A1 

50  TNT 

20  NIGU 
30  A1 

50  TNT 
50  AN 

50  TNT 
40  AN 

10  A1 

50  TNT 
30  AN 

20  A1 

50  TNT 
20  AN 
30  A1 

n2 

39,4 

41,7 

28,1 

25,9 

39,0 

25,2 

25,0 

25,9 

h2 

5,6 

9,5 

22,2 

23,4 

8,5 

17,6 

26,1 

24,3 

CO 

25,4 

26,4 

34,4 

41,7 

26,5 

42,6 

46,4 

47,7 

co2 

24,4 

15,8 

5,3 

1.7 

25,2 

13.2 

1,6 

0,8 

CH, 

0,3 

1,0 

0.5 

0,4 

0,2 

0,2 

0,1 

0,1 

j  HCN 

4,9 

5,6 

9,4 

7,5 

0,6 

1,2 

0,8 

1,2 

TABLE  13 

Experimental  and  Calculated  Detonation  Parameters 


o2 

Loading 

Heats  of 

Density 

D 

D 

balar^e 

diameter 

detonation 

exper. 

BKW 

% 

mm 

Jig 

g/cm3 

m/s 

m/s 

Composition  B 
with  gold  cylinder 
as  confinement  (3) 

12,7 

5229 

Composition  B 

-43.0 

50 

4966 

1,73 

7900 

8190 

60  TNT/40  NIGU 

-56,7 

50 

3906 

1,63 

7106 

7212 

50  TNT/50  NIGU  (ZV) 

-52,4 

50 

3742 

1.67 

7239 

7414 

50  TNT/40  N1GU/10  A1 

-58,2 

50 

5226 

1,72 

7109 

7278 

50  TNT/30  NIGU/20  A1 

-64,0 

50* 

4226? 

1,78 

6841 

7159 

50  TNT/20  NIGU/30  A1 

-67,2 

50* 

4968 

1,80 

? 

(6274) 

50  TNT/50  AN 

-27.0 

50 

4555 

1.61 

6236 

7296 

50  TNT/40  AN/ 10  A1 

-37,9 

50 

5203 

1,68 

6192 

? 

50  TNT/30  AN/20  A1 

-48,8 

50 

6549 

U5 

6246 

7311 

50  TNT/20  AN/30  A1 

-57,0 

50* 

5333 

2,82 

? 

(6732) 

50  TNT/50  NIGU  (Vacuum) 

-52,4 

50 

2968 

50  TNT/50  AN  (Vacuum) 

-27,0 

50 

4500 

♦incomplete  reaction 


forms  under  these  conditions  even  if  there  are 
not  the  conditions  of  a  full  C-J-  detonation. 

REPLY  BY  F.  VOLK 

For  calculating  the  reaction  heat  or  detona¬ 
tion  heat,  we  used  a  AH  ^98  value  of  +  8,75 
kcal/moi  as  published  by  D.L.  Ornellas,  LLNL, 
April  5,  1982.  In  most  cases,  we  measured  the 
C.H.N,  content  of  the  carbon  residue.  For  ex¬ 
ample,  an  explosive  charge  consisting  of  50% 


TNT  and  50%  NQ  we  found  a  carbon  residue 
of  90,3%  C;  0,7%  H;  5.0%  N;  4,0%  O. 

We  didn’t  investigate  the  influence  of  possi¬ 
ble  after-shocks. 

DISCUSSION 

DON  ORNELLAS,  Lawrence  Livermore  Na¬ 
tional  Laboratory. 

1.  Results  reported  show  evidence  of 
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reshocking  of  detonation  products,  resulting 
reequilibration  of  products. 

I  suggest  conducting  experiments  under  con¬ 
ditions  to  avoid  reshocking.  I  would  expect  bet¬ 
ter  agreement  with  theoretical  calculations  if 
these  were  done. 

2.  Determination  of  AHf  or  carbon  soot  pro¬ 
duced  in  a  detonation  chamber  may  not  be  very 
meaningful  because  such  soot  is  contaminated 
with  other  solid  materials  from  detonation  or 
the  contaminated  vessel  and  contains  substan¬ 
tial  amounts  of  nitrogen  and  hydrogen. 

REPLY  BY  F.  VOLK 

Reshocking  cannot  play  a  dominant  role 
because  of  the  relative  good  agreement  we 
found  between  blasting  chamber  and  detonation 
calorimeter  results,  see  Table  1. 

1  f  we  had  severe  reshocking,  we  would  have 
found  a  much  less  amount  of  solid  carbon. 

May  be  argon  as  carrier  gas  can  suppress 
reshocking.  In  vacuum  (see  Table  10)  and  in 
Helium  as  a  carrier  gas,  we  found  much  smaller 
amounts  of  solid  carbon  than  under  argon 
atmosphere. 

DISCUSSION 

CHRISTIAN  BROCKET,  Poitiers,  France 

It  is  known  that  generally  the  A1  reacts 
in  post  reactions  sometimes  far  from  the 
main  reaction  zone  or  the  CrJ  state  surface. 

Your  results  show,  especially  for 
TNT/AN/A1  mixtures  containing  up  to  20% 
Al,  a  good  agreement  between  measured 
A1203(s)  content  and  the  TIGER  BKW  calcula¬ 
tions  which  give,  in  principle  the  composition 
in  the  C-J  state.  Can  you  comment  about  this 
result? 

REPLY  BY  F.  VOLK 

All  calculations  were  done  with  regard  to  the 
freezing  out  temperature  of  the  water  gas 
equilibrium.  Therefore  we  did  not  calculate  C-J 
conditions,  but  the  composition  for  the  freeze- 
out  temperature  on  the  isentrope. 

Because  of  the  higher  oxygen  content  of 
TNT/AN  containing  explosives,  the  amount  of 
completely  reacted  Al  is  much  higher  in  this 


case  than  in  TNT/NQ  containing  explosive 
mixtures. 

DISCUSSION 

W.C.  DAVIS,  Los  Alamos  National  Laboratory 

Did  you  make  my  calculations  of  the  chemical 
species  expected  on  the  isentrope  for  expansion 
from  a  divergent  flow  state,  and  did  you  com¬ 
pare  the  results  with  those  for  an  expansion 
from  a  CJ  state? 

REPLY  BY  F.  VOLK 

Every  gas  composition  was  calculated  with 
regard  to  an  isentropic  expansion  from  CJ  state 
to  the  freezing  out  temperature  (Tw„)  of  the 
water  gas  reaction,  which  is  tabulated  for  most 
of  the  experiments: 

1'  =  freezing  out  temperature  of  the  water 

gas  reaction,  calculated  from  the 
isochore 

„  ?CO, '  Pi  1.0 

KP  =  ~ - — 

1  co2  ■  Ph2 

DISCUSSION 

M.  HELD.  MBB  Apparate,  FRG 

It  may  be  useful  to  analyse  reaction  products 
of  the  high  explosives  with  different  initiators. 
With  the  small  diameter  of  your  RDX  booster 
I  expect  in  spite  of  the  corner  effect,  especially 
with  your  insensitive  high  explosives,  a  large 
amount  of  incomplete!;,  reacted  materials.  This 
could  be  the  cx,danatio:.  for  the  trace  amounts 
of  unreacted  TNT. 

REPLY  BY  F.  VOLK 

Additionally  to  the  small  diameter  RDX 
booster,  we  were  using  a  composite  double  base 
propellant  sheet  having  the  same  diameter  as 
the  high  explosive.  Using  those  sheets  we  found 
a  good  reproducibility  of  the  reaction  products. 
Only  in  some  cases  we  analysed  larger  amounts 
of  unreacted  explosive  components,  especially 
if  no  additional  booster  was  used  or  if  the  in¬ 
itiation  was  not  complete. 
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DISCUSSION 

DR.  OLDRICH,  Machacek,  Thermex  Energy 
Corporation 

The  energy  release  of  high  aluminized  for¬ 
mulation  is  surprisingly  low.  Is  is  possible  that 
the  confinement  can  significantly  change  the 
composition  of  detonation  products?  Our  tests 
with  formulations  up  to  40%  aluminium  in¬ 
dicate  a  high  energy  release. 

REPLY  BY  F.  VOLK 

Not  only  the  oxygen  balance  but  also  confine¬ 
ment  plays  a  significant  role  with  regard  to  the 
reaction  of  aluminium  (Al).  According  to  our  ex¬ 
perience  is  a  content  of  40%  of  Al  to  high  to  get 
a  complete  reaction. 

DISCUSSION 

HAROLD  J.  GRYTING,  Southwest  Research 
Institute 

Have  you  calculated  whether  the  loss  in  AHt) 
between  10  to  20%  Al  is  due  to  the  melting  of 
the  unreacted  aluminum.  How  was  composition 
of  "soot”  determined. 

REPLY  BY  F.  VOLK 

The  heat  of  melting  of  the  unreacted 
aluminium  (Al)  is  only  94  cal /g,  but  the  heat  of 
detonation  of  the  explosives  without  and  with 
10%  of  the  Al  is  900  cal/g  resp.  1248  cal/g  for 
TNT/NQ/mixtures,  Since  the  unreacted  Al  is  on¬ 
ly  a  small  fraction  of  the  total  mass,  we  can 
neglect  the  heat  of  melting  of  Al. 

The  composition  of  the  soot  of  50%  TNT/50% 
NQ  is  a  follows: 

Carbon  75,0  wt% 

Hydrogen  1,4  " 

Nitrogen  11,4  " 


THE  SUPRA-COMPRESSION  OF  LX-07,  LX  17,  PBX-9404,  and  RX-26-AF 
AND  THE  EQUATIONS  OF  STATE  OF  THE  DETONATION  PRODUCTS 


L.  Green,  E.  Lee,  A.  Mitchell  and  C.  Tarver 
Lawrence  Livermore  National  Laboratory 
University  of  California 
Livermore,  California,  94550 


Shock  velocity  vs.  input  pressure  in  the  range  of  32  to  112  GPa  has 
been  measured  for  LX-07,  LX-17,  PBX-9404,  and  RX-26-AF.  The 
average  shock  velocity  for  the  first  2.8-mm  of  run  was  found  to  be 
within  one  percent  of  that  for  the  run  from  2.0  to  4.8-mm.  Bupra- 
compressive  states  of  PBX-9404  were  reflected  to  higher  pressures 
by  a  copper  barrier  and  the  velocity  in  the  copper  measured.  Tkey 
wete  also  rarefied  by  a  magnesium  barrier  and  the  velocity  in  the 
magnesium  measured.  Equations  of  state  derived  for  the  reaction 
products  of  these  explosives  and  normalized  to  accepted  CJ  pressu.es 
do  not  adequately  predict  measurements  at  pressures  substantially 
greater  than  detonation  pressure,  normalization  to  lower  than  ac¬ 
cepted  CJ  pressures  is  required  to  fit  the  data.  The  CJ  state  defined 
by  the  supra-compressive  experiments  appears  to  be  different  from 
the  CJ  state  defined  by  the  usual  CJ  pressure  measurement. 


INTRODUCTION 

A  principal  purpose  of  our  study  was  to  deter¬ 
mine  the  equation  of  state  (EOS)  of  HMX  and 
TATB  based  explosives  at  pressures  well  above 
the  Chapman- Jouguet  (CJ)  pressure. 

We  have  made  measurements  of  the  shock 
velocity  for  the  explosives  LX-07,  LX-17,  PBX- 
9404,  and  RX-26-AB,  at  input  pressures  of  30 
to  110  GPa  using  our  two-stage  light  gas  gun 
facility.  (1)  Our  data  on  PBX-9404  agrees  with 
the  previous  work  of  Kineke  and  West  (2)  allow¬ 
ing  for  the  larger  uncertainty  in  their  experi¬ 
mental  measurements.  In  analyzing  our  results 
we  have  found  that  equations  of  state  that  have 
been  derived  for  the  reaction  products  of  these 
explosives  at  pressures  equal  to  and  less  than 
detonation  pressure  do  not  adecuately  predict 
measurements  for  pressures  substantially 
greater  than  detonation  pressure.  At  present, 


*  Woik  performed  under  the  auspices  of  the 
U.S.  Department  of  Energy  by  the  Lawrence 
Livermore  National  Laboratory  under  contract 
No.  W-7405-ENG-43. 


it  appears  that  the  CJ  theory  may  have  to  be 
modified  somewhat  in  order  to  fit  all  of  the  data, 
but  this  has  not  yet  been  proven.  There  is  some 
indication  from  our  work  that  the  supra-com¬ 
pressive  experiments  define  a  different  CJ  state 
than  that  defined  by  ordinary  self-supporting 
detonations. 

EXPERIMENTAL 

The  supra-compression  experiments  that  are 
being  reported  were  conducted  at  LLNL  on  the 
two-stage  light  gas  gun  using  ultrafa3t  pin 
techniques  (1)  to  monitor  the  progress  of  shock 
waves.  Typical  experiments  consisted  of  an  im- 
pactor  of  either  1 100  aluminum  or  tantalum  pro¬ 
pelled  by  the  two-stage  gun,  a  buffer  plate  of 
either  1100  aluminum  oi  explosive  from  which 
time  zero  is  taken,  and  the  specimen  of  ex¬ 
plosive  against  the  buffer  plate  through  which 
the  shock  velocity  is  timed.  See  Fig.  1.  Dimen¬ 
sions  were  chosen  such  that  the  measurements 
were  unaffected  by  rarefactions.  The  nominal 
compositions  of  the  test  explosives  are  given  in 
Table  1.  Additional  experiments  were  performed 
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with  PBX-9404  where  a  supra-compressive  state 
was  reflected  to  a  much  higher  pressure  by  a  cop¬ 
per  barrier  and  the  shock  velocity  in  the  copper- 
measured.  In  a  similar  way,  a  supra-compressive 
state  of  PBX-9404  was  rarefied  by  unloading  in¬ 
to  a  magnesium  barrier  and  the  shock  velocity 
in  the  magnesium  measured.  See  Fig.  2.  For  all 
experiments,  the  impactor  velocity  was  deter¬ 
mined  to  better  than  .1%  using  flash  x-ray  tech¬ 
niques.  Densities  of  test  explosive,  buffer  plates, 
and  impactors  were  determined  for  the  materials 
used  in  each  experiment.  All  parts  were  lapped, 
polished,  and  carefully  measured  to  minimize 
dimensional  errors,  which  could  amount  to  about 
2  j/m  for  most  mateiials. 

CALCULATIONS 

The  ignition  and  growth  model  (3,  _f  the  reac¬ 
tive  flows  created  during  the  shock  initiation  and 
detonation  wave  propagation  of  heterogeneous 
solid  explosives  has  successfully  calculated  a 
great  deal  of  one-  and  two-  dimensional  exper¬ 
imental  data  (4-10).  In  this  paper  the  model  is  ap¬ 
plied  to  the  supra-emni  ression  data  to  determine 
if  the  effect  of  the  reaction  zone  is  truly  negligi¬ 
ble,  for  HMX-based  explosive  as  had  been 
assumed,  and  to  model  the  LX- 1 7  data,  for  which 
the  reaction  zone  does  have  an  effect.  The  par¬ 
ameters  used  for  PBX-9404  and  LX- 17  are  given 
in  the  recent  paper  of  Tarver  et  al.  (11).  Very  fine 
zoning  (100  zones  per  millimeter)  is  required  to 
accurately  describe  these  small-scale,  subnanose¬ 
cond  timing  experiments.  Reactive  flow  calcula¬ 
tions  for  PBX-9404  do  indeed  show  that  the  reac¬ 
tion  zone  effect  is  negligible  in  the  single  and 
reflected  shock  experiments  shown  in  Fig.  8, 
because  these  calculations  agreed  very  closely 
with  C-J  burn  calculations.  In  the  rarefaction  ex¬ 
periments  shown  in  Fig.  9,  the  reactive  flow 
calculations  indicated  that  the  effect  of  the  von 
Neumann  spike  decayed  in  the  magnesium  plate 
to  a  negligible  level  in  just  less  than  the  one 
millimeter  thickness,  at  which  the  magnesium 
shock  velocity  measurements  were  begun. 
However,  the  calculated  pressures  in  the 
magnesium  were  always  liigher  than  measured, 
which  suggests  that  the  calculations  may  not 
have  been  completely  free  of  reaction  zone  effects. 

Previously  reported  ^OJ  burn  calculations  (12) 
which  showed  that  a  Pqj =34.0  GPa  equation  of 
state  provides  a  better  fit  to  the  supra- 
compression  data  than  the  usual  Pqj  37.0  GPa 


for  PBX-9404  have  been  verified  by  detailed  reac¬ 
tive  flow  calculations.  However,  it  has  been 
demonstrated  that  reactive  flow  calculations  us¬ 
ing  the  Pcj  =  37.0  GPa  reaction  products  equa¬ 
tion  of  state  for  PBX-9404  accurately  calculate 
embedded  gauge  and  metal  acceleration  experi¬ 
ments  on  self-sustaining  detonation  waves  (8,9). 
Similar  calculations  with  a  Pqj  =  34.0  GPa  equa¬ 
tion  of  state  and  the  usual  thin  reaction  zone  for 
PBX-9404  greatly  underestimate  the  resulting 
pressures,  particle  velocities,  and  metal  accelera¬ 
tion  properties.  Tarver  and  Urtiew  (8)  demon¬ 
strated  that  the  Pcj  =  37.0  GPa  equation  of 
state  iccurately  calculates  the  self-sustaining, 
converging  detonation  velocity  measurements  of 
Cheret  et  al.  (13).  Since  the  Pqj  =  34.0  GPa  equa¬ 
tion  of  state  yields  higher  shock  velocities  and 
pressures  than  the  Pqj  =  37.0  GPa  equation  of 
state,  a  calculation  of  Cheret  et  al.'s  data  with  the 
Pqj  =  34.0  GPa  equation  of  state  predicts  con¬ 
verging  detonation  velocities  that  are  much 
greater  than  the  experimental  measurements. 
Therefore,  a  dilemma  exists  in  that  the  Pqj  = 
37.0  GPa  reaction  product  equation  of  state  ac¬ 
curately  describes  experiments  involving  self- 
sustaining  detonation  waves  which  are  followed 
by  Taylor  wave  expansions,  while  the  Pqj  =  34.0 
GPa  equation  of  state  matches  the  supra-com- 
pression  data  and  seems  to  agree  more  closely 
with  thermodynamic  chemical  equilibrium  code 
calculations  (14). 

The  situation  is  even  more  complex  for  TATB- 
like  explosives  which  produce  relatively  large 
amounts  of  carbon  and  whose  reaction  zone 
lengths  are  on  the  order  of  millimeters  thick. 
Supra-compression  experiments  on  such  ex¬ 
plosives  must  be  calculated  with  reactive  flow 
models.  The  LX-17  supra-compression  ex¬ 
periments  shown  in  Fig.  4  were  calculated  using 
the  parameters  given  by  Tarver  et  al.  ( 1 3 ;.  In  the 
lowest  pressure  experiment,  the  calculated  higher 
average  shock  velocity  in  the  2-4  mm  depth 
agreed  very  closely  with  the  experimental  obser¬ 
vation.  In  the  higher  pressure  experiments,  the 
reactive  flow  calculations  yield  constant  average 
shock  velocities  with  run  distance,  although  the 
shape  of  the  reaction  zone  changes  slightly  dur¬ 
ing  each  calculation.  Both  the  cited  (15)  1jcj  = 
30.0  GPa  and  also  a  highly  modified  JWL  reac¬ 
tion  product  equation  of  state  with  Pqj  =  27.5 
GPa  and  D  =  7.64  km/s  yield  calculated  supra- 
compressive  shock  velocities  that  are  lower  than 
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the  experimental  values  at  the  higher  pressures. 
A  lower  Pcj  value  (~25.GPa)  allows  a  much  bet¬ 
ter  match  between  calculations  and  supra- 
compressive  experiments  (but  not  with  *CJ 
measurements). 

EXPERIMENTAL  RESULTS 

The  single-shock  supra-comuressive  ex¬ 
periments  on  LX-07,  LX-17,  PBX-9404,  and 
RX-26-AF  are  represented  schematically  in  Fig. 
1  and  summarized  in  Table  2  and  Figs.  3  through 
7.  Curves  from  the  best  JWL  equations  of  state 
from  cylinder  test  data  (15)  n  trmalized  to  ac¬ 
cepted  C-J  pressures  are  shown  in  the  same 
figures.  According  to  Chapma  i/Jouguet  theory, 
the  slope  of  the  Hugoniot  sho  :k  velocity  vs.  par¬ 
ticle  velocity  detonation  product  curve  should  be 
zero  at  the  C-J  point,  and  the  locus  of  pressure 
vs.  relative  volume  states  should  be  tangent  to 
the  Rayleigh  line  through  the  C-J  point  at  the  C- 
J  point.  An  examination  of  Figs.  3  through  8 
shows  the  difficulty.  The  supra-compressive  data 
do  not  appear  to  be  consistent  with  C-J  theory- 
in  that  the  Hugoniot  shock  velocity  vs.  particle 
velocity  curves  do  not  appear  to  go  to  zero  slope 
at  the  C-J  points  and  the  locus  of  pressure  vs. 
relative  volume  states  do  not  appear  to  become 
tangent  to  the  Rayleigh  lines  at  the  accepted  C- 
J  points  for  the  explosives  tested.  The  data  do 
not  prove  that  C-J  conditions  cannot  be  met  as 
one  approaches  the  C-J  state  from  the  overdriven 
side  but  it  strongly  suggests  that  this  is  the  case. 
If  there  were  a  significant  change  in  slope  of  the 
shock  velocity  vs.  particle  velocity  curve  very 
near  to  the  C-J  state,  it  would  not  be  detected 
by  the  present  technique.  The  error  limits  are 
simply  too  large  to  permit  resolution. 

The  reflected-shock  supra-compressive  experi¬ 
ments  on  PBX-9404  are  summarized  in  Table  3 
and  in  Fig.  8.  A  suitable  choice  of  parameters 
would  allow  a  reactive-flow  hydrodynamic  calcula¬ 
tion  of  both  the  single-shock  and  reflected-shock 
experiments  within  experimental  error.  However, 
the  same  parameters  do  not  accurately  predict 
the  initial  motion  of  a  thin  metal  plate  being  ac¬ 
celerated  by  a  head  on  detonation  of  PBX-9404 
in  a  metal  acceleration  experiment,  the  metal 
moving  faster  than  predicted.  The  definition  of 
CJ  state  appears  to  be  different  for  the  supra- 
compressive  experiments. 

The  experiments  on  rarefaction  of  supra-com¬ 
pressive  states  of  PBX-9404  are  summarized  in 


Table  3  and  in  Fig.  9.  Differences  between  equa¬ 
tion  of  state  assumptions  (i.e.,  Pqj  =34  GPa  vs. 
Pcj  =  37  GPal  are  too  small  to  resolve  the  ques¬ 
tion  of  which  describes  the  data  better.  The  best 
value  appears  to  lie  between  these  two  pressures. 
The  experimental  values  of  pressure  are  lower 
than  calculated,  probably  due  to  reaction  zone  ef¬ 
fects  in  the  calculation.  The  error  limits  in  both 
calculation  and  experiment  are  such  that  an  ac¬ 
curate  determination  of  the  point  of  tangency  to 
the  Rayleigh  line  cannot  be  made  within  the  ac¬ 
curacy  required  to  determine  the  “CJ”  pressure. 

DISCUSSION 

It  can  be  reasonably  postulated  that  the  CJ 
detonation  press.ire  of  LX-07,  LX-17,  PBX-9404, 
and  RX-26-AF  as  implied  by  supra-compression 
experiments  really  is  lower  than  that  measured 
in  the  usual  detonation  pressure  measurements. 
The  34.0  GPa  JWL  calculation  shewn  in  Fig.  5 
for  PBX-9404  illustrates  that  a  calculation  based 
on  a  lowei  Pqj  can  be  fit  to  the  supra-compres¬ 
sive  data  and  have  zero  slope  at  the  lower  Pqj. 
Such  fits  based  on  lower  Pqj  can  be  made  to  the 
other  data  as  well.  (2)  The  question  then  becomes 
“why  is  there  a  difference  between  Pqj  as  usually 
measured  and  Pqj  as  defined  in  a  supra- 
compressive  experiment?”  It  is  suggested  that 
this  lower  Pqj  could  occur  if  a  relatively  slow 
reaction  (for  example,  carbon  condensation  or  dif¬ 
fusion  controlled  equilibration  of  reaction  prod¬ 
ucts  from  different  components  of  the  explosive) 
followed  a  relatively  fast  reaction.  With  the  usual 
measurement,  any  changes  from  a  second,  rela¬ 
tively  slow  reaction  during  expansion  of  products 
from  the  more  rapid  first  reaction(s)  would  be  ex¬ 
tremely  difficult  to  measure.  Careful  measure¬ 
ment  can  detect  only  the  end  of  the  relatively  fast 
reaction(s),  which  is  taken  to  be  the  CJ  state.  This 
state  has  most  of  the  attributes  of  the  CJ  state 
and  for  many  purposes  may  be  assumed  to  be  the 
CJ  state.  However,  if  the  postulate  just  made  is 
true,  it  is  not  an  equilibrium  state  and  hence,  not 
a  CJ  state,  and  would  be  subject  to  scale  effects 
to  some  degree. 

Whether  or  not  detonation  velocity,  for  ex¬ 
ample,  would  be  measurably  affected  by  slow 
reactions  in  large  charges  is  a  matter  of  conjec¬ 
ture.  Careful  pressure  or  particle  velocity  vs.  time 
measurements  should  be  able  to  detect  the  effects 
of  any  slow  reactions  in  large  charges. 
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Supra-compressive  experiments  on  LX-17  offer 
an  interesting  contrast  with  the  other  explosives 
tested.  Because  carbon  is  present  in  the  detona¬ 
tion  products  of  LX-17  to  a  much  greater  extent 
than  in  the  products  of  PBX-9404,  if  carbon  con¬ 
densation  were  the  “slow”  reaction  responsible 
for  the  differences  in  apparent  PCj,  then  LX-17 
might  be  expected  to  show  an  even  larger  dif¬ 
ference  between  measured  C-J  detonation 
pressure  and  that  inferred  from  supra-compres- 
sion  experiments.  Such  appears  to  be  the  case. 
It  should  be  noted  that  this  is  true  in  spite  of  the 
fact  that  the  reaction  zone  as  usually  measured 
is  much  longer  for  TATB-based  explosives  than 
for  HMX-based  explosives,  so  there  is  much  more 
time  for  “slower"  reactions  to  take  place,  which 
should  tend  to  offset  differences.  A  single  equa¬ 
tion  of  state  of  the  detonation  products  of  LX-17 
is  not  adequate  to  describe  expanded  states,  the 
C-J  state,  and  supra  compression  states  when  in¬ 
corporated  into  reactive  flow  hydrodynamic 
calculations.  TATB  and  HMX-based  systems  ap¬ 
pear  similar  in  this  respect. 

An  accurate  description  of  both  expansion  and 
supra-compressive  reaction  product  states  with 
a  single  equation  of  state  may  not  be  possible  if 
PCJ  as  normally  measured  is  in  fact  not  an 
equilibrium  state.  A  lack  of  equilibrium  would 
imply  chemical  differences  between  the  C-J  states 
defined  by  the  usual  methods  and  that  inferred 
from  supra-compressive  experiments.  The  discon¬ 
tinuities  seen  in  derivative  functions  near  the  C- 
J  point  (12,  16,  17)  as  one  moves  from  expansion 
states  to  supra-compressive  states  col  Id  be  due 
to  such  chemical  differences. 


Experiments  on  PETN  and  other  relatively 
oxygen  rich  explosives  where  there  is  very  little 
carbon  in  the  detonation  products  should  help 
resolve  these  questions  arising  from  the  exper¬ 
iments  on  HMX  and  TATB-based  explosives.  A 
reactive  flow  model  consisting  of  a  fast  exo¬ 
thermic  reaction  to  one  reaction  product  equation 
of  state  followed  by  a  slower  one  to  a  lower  C-J 
pressure  reaction  product  equation  of  state  had 
been  proposed  to  explore  the  thermodynamic  and 
reaction  time  parameters  involved  in  this  phe¬ 
nomenon.  The  current  explanation  centers  on 
carbon  condensation  due  to  its  thermodynamic 
properties  and  the  chemical  equilibrium  calcula¬ 
tions.  (14) 


TABLE  I 

Compositions  of  Test  Explosives 


Explosives 

Wt.%  Composition 

LX-07 

LX-17 

PBX-9404 

RX-26-AF 

90/10  HMX/Viton  A 

92.5/7.5  TATB/Kel-F  800 
94/3/3  HMX/NC/CEP 
46.6/49.3/4.1 

HSUCtlii  'KM 


Fig.  1.  Test  configuration  for  single-shock  supra- 
compression  experiments  on  LX-07,  LX-17, 
PBX-lMO-t  and  RX-2&AF.  Some  of  the  test 
samples  of  LX-17  were  two-level  and  additional 
pins  were  used  to  enable  accurate  velocity  stabili¬ 
ty  determinations  to  be  made. 
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Fig.  li.  Test  configuration  for  reshock  and  rarefac¬ 
tion  of  supra-compressive  states  of  PBX-940-l 
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TABLE  II 

Conditions  and  Results  of  Single-Shock  Supra-Compressive  Experiments 


TABLE  III 

Conditions  and  Results  of  Reflection  and  Rarefaction  Experiments 
on  Supra  Compressive  States  of  PBX -9-10-1. 

See  Fig.  2  for  Experimental  Configuration 


experiment 

Irapactor 

PBX-9-104 

Impact  Pressure* 

Barrier 

Velocity 

krres 

Material 

Density 

g/cmJ 

Density 

g/cmJ 

PBX-9404 

GPa 

Material 

Density 

g/cm3 

Shock 

Velocity 

knvs±2o 

Pressure 

GPA 

MG  18 

4.310 

1100  A1 

2715 

1.841 

40.02 

Cu 

8.93 

5.864  ±.026 

67.41 

MG  17 

6.055 

1 100  Al 

2.715 

1838 

61.29 

Cu 

8.93 

6.671.10 

108.68 

MG  23 

6.294 

1000  Al 

2.713 

1.840 

64.62 

Cu 

8.93 

6.759±.022 

113.71 

MG  27 

3.996 

1100  Al 

2.716 

1.840 

36.48 

Mg 

1.738 

7.551.06 

32.22 

MG  26 

4.200 

1100  Al 

2.706 

1.840 

38.70 

Mg 

1.736 

7.701.07 

34.50 

MG  28 

4.432 

1100  Al 

2.714 

1.840 

41.39 

Mg 

1.733 

7.821.06 

36.45 

Calculated  from  best  fit  to  single-shock  supra-compressive  data. 
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4fhls  work  showing  120  uncertainty 
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Particle  Velocity  -  km/t 


Fig.  3.  Experimental  LX-07  supra-compressive 
data.  Measured  shock  velocity  is  vs.  particle 
velocity  derived  from  flyer  velocity,  density,  and 
Hugoniot  relationships.  Data  points  marked 
"E"  used  an  LX-07  buffer  plate.  All  others  used 
an  1100  Al  buffer  plate.  See  Fig.  1. 


2  3  4  6 

Particle  Velocity  -  kmfs 


Fig.  5.  Experimental  PBX-9404  supra-com¬ 
pressive  data.  Measured  shock  velocity  is  vs. 
particle  velocity  derived  from  flyer  velocity,  den¬ 
sity,  and  Hugoniot  relationships.  Data  points 
marked  "E”  used  a  PBX-9404  buffer  plate.  All 
others  used  an  1100  Al  buffer  plate.  See  Fig.  1. 


Psrticl*  Velocity  -  km/t  Particle  Velocity  -  km/t 


big  4.  Experimental  LX- 17  supra-compressive  Fig.  6.  Experimental  RX-2&AF  supra-com- 

data.  Measured  shock  velocity  is  vs.  particle  pressive  data.  Measured  shock  velocity  is  vs. 

velocity  derived  from  flyer  velocity,  density,  and  particle  velocity  derived  from  flyer  velocity,  den- 

Hugoniot  relationships.  Data  points  marked  sity,  and  Hugoniot  relationships.  Data  points 

E  usedan  LX-1  7  buffer  plate.  Allothers  used  marked  "E"  used  an  RX-26-AF  buffer  plate.  All 

an  ll(X)  Al  buffer  plate.  See  Fig.  1.  others  usedan  1100  Al  buffer  plate.  See  Fig.  1. 
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Fig.  7.  Combined  plot  of  shock  velocity  vs.  par¬ 
ticle  velocity  for  all  single-shock  supra-com- 
pressive  experiments  to  illustrate  systernatics 
of  data. 


0  Calculated  for  single  shock  using  3-1.0  (J  Pa  Pj»j 
JWL  EOS 

•  Calculated  for  reflected  shock  off  of  copper  using 
34.0  C.Pa  PCJ  JWL  EOS. 

Calculated  for  single  shock  using  published 
37.0  GPu  PCJ  JWL  EOS. 

■  Calculated  for  reflected  shock  off  of  copper  using 
published  37.0  GPa  PCJ  JWL  EOS. 
t  Experimental  reflected  shock  values  off  of  copper, 
t  2o. 

Fig.  H.  Reflected  and  single-shock  supra-com- 
pressive  states  of  PBX -940-1.  Calculational 
results  using  two  different  equations  of  state  are 
compared  with  experiment. 


—  Exp»rlm«nUI  pratturt  In  Mg 
o  Calculated  from  34  GPa  jwl  EOS 
c  Calculated  ttom  37  GPa  JWL  EOS 


772  T*  76  yj 

Ralallvc  Volume  -  V/V0 


Fig.  9.  Insentrope  states  from  PBX-9404/Mg 
experiments  near  Pqj.  Calculations  of  pressure 
vs.  relative  volume  for  individual  experiments 
using  two  different  JWL  equations  of  state  are 
compared  with  experimental  pressures  calcu¬ 
lated  from  shock  velocity  measured  in 
magnesium  using  the  same  shock  Hugoniot  (U$ 
=  4.52  +  1.233  Up)  for  the  calculations  and  the 
shock  velocity  to  pressure  conversions. 
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DISCUSSION 

D.  TASKER,  NSWC,  White  Oak 

We  have  observed  small  anomalies  when 
coaxial  ionization  pins  have  been  used  to  detect 
shock  front  arrival.  The  origin  of  these  anoma¬ 
lies  is  as  yet  uncertain;  they  may  be  due  to  ejec¬ 
ta  caused  by  pore  collapse  in  porous  explosives 
to  electromagnetic  effects.  Is  it  possible  that 
your  measured  shock  velocities  are  too  high 
because  of  these  effects?  If  so  then  your  data 
would  agree  more  closely  with  published  CJ 
pressures  and  JWL  equations  of  state.  I  would 
like  to  add  my  appreciation  for  the  high  quali¬ 
ty  of  the  work  presented  in  this  paper. 

REPLY  BY  L.  GREEN 

We  have  seen  no  significant  difference  (to 
±0.5%  precision)  in  shock  velocity  through  the 
specimens  when  velocities  measured  from  an 
aluminum  buffer  plate  to  the  top  surface  of  the 
test  explosive  are  compared  with  those  where 
a  buffer  plate  of  test  explosive  was  used  and 
systematic  errors,  if  present,  would  cancel  out. 
Any  systematic  erroi  s  due  to  the  pins  is  lost  in 
the  .2  ns  jitter  in  pin  closure  times  and  the 
overall  uncertainty  of  about  .5  ns  in  the  in¬ 
dividual  measurements  of  pin  time  relative  to 
the  fiducial  time. 

DISCUSSION 

DR.  SYED  ZULFIQAR  HUSSAIN, 
ARDE  A  HQ  Pakistan 

What  explosives  were  used  to  fly  off  the  pro¬ 
jector  or  impactor?  And  what  was  the  free  run 
distance  between  the  impactor/projector  and  to 
the  targets? 

REPLY  BY  L.  GREEN 

When  an  explosive  buffer  was  used  it  was  the 
same  as  the  test  explosive.  See  Table  2.  The  free 
flight  of  the  projectile  is  about  400  mm. 

DISCUSSION 

LOUIS  ZERNOW,  Zernow  Tech.  Services, 
San  Dimas,  CA 

To  what  extent  does  wave  tilt  contribute  as 
a  source  of  error?  To  what  extent  does  non-pla¬ 
narity  of  the  shock  wave,  (e.g.  due  to  grain  size 
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of  the  explosive)  contribute  to  the  possible 
errors? 

REPLY  BY  L.  GREEN 

Wave  tilt  is  only  a  significant  source  of  error 
if  several  pins  on  the  same  level  fail.  Otherwise, 
it  is  simply  measured  and  accounted  for  when 
we  reduce  the  data.  The  principal  non-planarity 
of  the  shock  wave  is  due  to  a  parabolic  distor¬ 
tion  of  the  flyer  from  the  launch  conditions. 
Since  this  distortion  (typically  ns)  is 
measured  by  the  difference  in  time  between  the 
average  of  six  pins  on  the  buffer  plate  and  a 
single  center  pin,  the  contribution  to  the  overall 
experimental  uncertainty  is  generally  as  great 
as  all  other  sources.  Unexpectedly,  the  effect  of 
grain  size  appears  to  be  small.  The  standard 
deviation  from  a  plane  fit  to  the  reporting  times 
of  six  pins  on  a  PBX-9404  buffer  plate  is  typical¬ 
ly  about  .5  ns,  not  much  different  than  when 
aluminum  is  used  for  the  buffer  plate. 


DISCUSSION 

GERALD  KERLEY,  Sandia, 
Albuquerque,  NM 

If  there  is  nonequilibrium  behavior  in  these 
explosives,  it  might  be  possible  to  see  a 
dependence  of  the  results  on  the  distance  of  run. 
Please  comment  on  what  your  measurements 
show  and  on  the  accuracy  of  these  observations. 

REPLY  BY  L.  GREEN 

The  average  supra-compression  shock  veloci¬ 
ty  in  LX- 17  at  a  given  pressure  appears  to  be 
the  same  (within  .5%)  for  run  distances  of  0  to 
2  mm,  2  to  4  mm,  and  4  to  6  mm.  For  LX-07, 
PBX-9404  and  RX-26-AF  the  average  shock 
velocities  for  run  distances  of  2  to  4.8  mm  are 
very  slightly  less  than  for  run  distances  at  cor¬ 
responding  pressures  of  0  to  2.8  mm,  but  the 
differences  (<1%)  are  not  statistically  signifi¬ 
cant.  Even  if  the  differences  are  real,  they  could 
be  due  to  other  causes  such  as  uncertainties  in 
the  release  adiabat  of  1100  Al,  for  example. 
These  measurements  are  consistent  with  the 
idea  that  conventional  PCJ  experiments 
measures  states  further  from  equilibrium  than 
the  present  measurements.  Our  failure  to  detect 
changes  in  shock  velocity  with  run  distance 
establishes  that  the  wave  is  steady  within 
rather  narrow  limits  on  the  time  scale  of  the  ex¬ 
periment  (600  to  800  ns  total  time).  It  does  not 
prove  that  equilibrium  conditions  exist  behind 
the  shock  front  in  supra-compressive  experi¬ 
ments. 
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EOS  OF  DETONATION  PRODUCTS  OBTAINED  FROM 
SYMMETRICAL  DEFLECTION  OF  LINERS  INVESTIGATED 
BY  LASER  INTERFEROMETRY  TECHNIQUES 


P.  Gimenez,  Y.  de  Longueville,  C.  Saint-Martin 
Centre  d’Etudes  de  Gramat  46500 
Gramat,  France 


We  present  an  experimental  test  to  determine  the  coefficients  of  the 
J.  W.L.  equation  of  state  of  detonation  products.  The  described  con¬ 
figuration  is  symmetrical  plane  test  monitored  by  an  interferometric 
device.  Hydrodynamic  calculations  and  an  experimental  analysis 
allow  to  select  the  best  material  and  set-up  dimensions.  The  use  of 
an  interferometric  device  represents  a  major  improvement  It  appears 
to  be  possible  to  entirely  characterize  the  detonation  products  by  use 
of  a  single  experiment.  This  experimental  approach  could  be  con¬ 
sidered  as  a  hopeful  way  to  investigate  the  form  of  the  E.O.S.  for 
detonation  products.  The  method  has  been  applied  to  a  cast  PBX 
(octorane  86A). 


BACKGROUND 

Hydrodynamic  calculations  need  an  equation 
of  state  to  describe  the  evolution  of  detonation 
products.  The  J.W.L.  equation  of  state  (1)  is 
generally  accepted  as  a  good  description  of  the 
pressure-volume-energy  relationship  for  detona¬ 
tion  products.  Hydrodynamic  experiments  have 
been  developed  to  determinr  he  parameters  of 
this  equation.  Usually  cylinder  est  (see  Figure  la) 
is  used  to  get  experimental  data  for  large  expan¬ 
sion  levels.  This  test  ctm  be  precisely  monitored 
by  a  streak  camera  which  records  the  radial  mo¬ 
tion  of  a  copper  tube.  Nevertheless,  this  experi¬ 
ment  requires  great  care  in  the  choice  of  the  cop¬ 
per  and  in  the  machining.  Symmetrical  plane 
test  (see  Figure  lb)  is  easier  <  u  realize.  However, 
this  tesc  is  difficultly  monitored  by  a  streak 
camera  and  the  expansion  level  which  can  be 
reached  must  be  investigated,  according  to  the 
chosen  EOS.  In  the  next  section  we  show  that 
symmetrical  plane  test  can  be  precisely  moni¬ 
tored  by  an  interferometric  device  and  that  the 
use  of  low  impedance  materials  for  the  liners  fits 
the  requirements  involved  in  expansion  levels. 

The  influence  of  experimental  parameters  is 
then  studied  and  the  coefficients  of  the  J.W.L. 


equation  of  state  are  determined  for  the  octo¬ 
rane  86A  (cast  PBX).  Some  general  considera¬ 
tions  are  finally  given  on  the  comparison  be¬ 
tween  the  classical  method  (cylinder  test)  and 
the  symmetrical  plane  tests. 

FEASIBILITY  OF  THE  METHOD 
Use  of  Interferometric  Devices 

The  free  surface  velocity  of  one  of  the  liners 
has  been  monitored  by  interferometric  devices. 


Fig.  1.  Hydrodynamic  experiments 

(a)  Cylinder  test 

(b)  Symmetrical  plane  test 
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Two  interferometers  have  been  tested,  a  VISAR 
(2)  and  a  Fabry-Perot  (3),  with  very  similar 
results.  For  the  Fabry-Perot,  the  symmetrical 
plane  test  has  been  tilted  before  shot  to  compen¬ 
sate  the  rotation  of  the  surface.  This  tilt  explains 
the  small  gap  between  the  two  curves  of  the 
Figure  2.  Nevertheless,  the  Fabry-Perot  inter¬ 
ferometer  is  less  sensitive  to  extra  lignts  so  it 
has  been  selected  for  this  study.  The  velocity 
is  obtained  with  an  accuracy  of  about  ±  20m/s 
and  the  recording  duration  exceeds  10  ps. 

Expansion  Level 

There  is  no  limitation  in  the  choice  of  the 
liner’s  material  (Mj  on  Table  1)  of  the  sym¬ 
metrical  plane  test.  We  have  performed  2D- 
Hydrodynamic  calculations  (PISCES  code  (4)) 
to  select  the  best  material  and  set-up  dimen¬ 
sions  ej  and  e2  (see  Figure  lb).  Some  of  the 
most  significant  configurations  are  defined  on 
Table  1. 

TABLE  1 

Characteristics  of  the  Calculated 
Configurations  (the  Configurations  are 
Refered  to  Fig.  lb,  except  for  Number  5 
Which  Represents  Cylinder  Test) 


el 

(mm) 

e2 

(mm) 

M, 

1 

4 

20 

Mg 

2 

6 

20 

Mg 

3 

6 

20 

A12024T4 

4 

2.5 

25.4 

Cu 

5 

2.5 

25.4 

Cu 

The  high  explosive  is  always  Comp  B  grade  A, 
with  J.W.L.  parameters  given  in  ref  (1). 


The  results  of  the  calculations  are  given  on  Fig¬ 
ure  3  in  a  relative  volume  versus  time  diagram. 

The  geometrical  effect  is  dearly  seen  between 
the  configuration  5  (cylinder  test)  and  the  con¬ 
figuration  4  (symmetrical  plane  test  with  the 
same  characteristics  as  cylinder  test).  But,  by 
decreasing  the  mass  of  the  liners,  similar  expan¬ 
sion  level  as  cylinder  test  can  be  obtained  dur¬ 
ing  i0ps  (configuration  2  ).  Moreover,  the  con¬ 
figuration  1  (thicknesses  are  4mm  for  magnesium 


and  20mm  for  H.E.)  allows  to  reach  a  relative 
volume  of  about  6  after  10  ps. 


Fig.  2.  Velocity  of  a  liner  obtained  from  two  in¬ 
terferometric  devices  (symmetrical  plane  test) 


TIME  (mitroitc) 

Fig.  3.  Relative  volume  versus  time  (configura¬ 
tions  described  in  Table  1) 

The  J.W.L.  isentrope  can  be  written  (1): 

P  =  P,  +  P2  +  P3 

P i  =  \  e  i{iv 

(1) 

P2  -•*  Be¥ 

I*3  *  C 

P  =  Pressure 

with  V  =  Relative  volume 

A,B,C,R1,R2tCo=J.W.L.  coefficients 

Figure  4  shows  that  an  expansion  level  of  6 
is  necessary  to  get  a  correct  setting  of  the  three 
pressure  terms  (PjP2P3).  So,  the  configuration 
1  has  been  chosen  as  the  standard  config¬ 
uration  for  the  determination  of  the  J.W.L. 
parameters. 
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Pressure  (GPa) 


12  3  4  5  6 


Relative  volume  V 

Fig.  4.  Contribution  of  the  three  terms  of  the 
J.W.L.  isentrope 

EXPERIMENTAL  ANALYSIS 

For  the  experimental  configuration,  magnes¬ 
ium  has  been  replaced  by  the  alloy  AZ31B 
(95.8%  of  Mg,  go=1770kg/m3).  The  liners  are 
obtained  from  4.15mm  width  laminated  plates. 
A  tilt  of  17°  with  the  incident  laser  beam  is  ad¬ 
justed.  So,  light  intensity  remains  nearly  con¬ 
stant  during  lOps.  All  the  experimental  results 
of  this  section  have  been  obtained  with  a 
pressed  PBX  (94%HMX).  Initiation  of  the 
device  is  made  by  a  linear  wave  generator 
(LWG).  The  velocities  obtained  at  120, 130  and 
140mm  from  the  L.W.G.  are  given  on  the  Figure 
5.  The  differences  between  the  three  curves  are 
within  the  experimental  accuracy. 

So,  at  120mm  from  the  LWG,  the  stationnar- 
ity  is  reached  and  the  conditions  of  the  initia¬ 
tion  are  forgotten. 

The  Figure  6  gives  the  results  obtained  with 
/=90  and  120mm  (see  Figure  lb).  There  is  no 
significant  differences  between  the  two  curves, 
supporting  the  fact  that  edge  effects  have  no 
significant  influence  for  /=90mm  during  more 
than  lOps  of  motion.  In  fact,  due  to  the  fast  ex¬ 
pansion,  the  sound  velocity  of  the  detonation 
products  decreases  very  rapidly  during  the  mo¬ 
tion.  An  overestimated  calculation,  using  the 
expansion  ratio  of  the  Figure  3  (curve  1),  has 
been  made.  It  shows  that  the  rarefaction  wave, 
issued  from  the  edges  and  travelling  inside  the 
detonation  products,  doesn't  reach  the  center 


of  the  liners  before  lips  of  motion.  This  is  in 
agreement  with  the  experimental  results  of 
Figure  6. 


TIME  (microsec) 


Fig.  5.  Velocities  obtained  at  120,  130  and 
140mm  from  the  L.W.G.  (elt  e2  and  l  are  refer¬ 
red  to  Fig.  lb) 


TIME  (microstc.) 

Fig.  6.  Velocities  obtained  with  i  —  90  and  l  — 
120mm 


The  thickness  of  the  H.E  sample  (20mm)  is 
generally  sufficient  to  closely  approximate  in¬ 
finite  diameter  behaviour.  As  in  the  case  of 
cylinder  test  (1),  this  is  not  true  for  explosives 
with  large  reaction  zones  which  ar :  outside  the 
field  of  this  study. 
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The  Figure  7  illustrates  the  effect  of  an  im¬ 
portant  defect  of  the  LWG  (600ns  of  delay  at 
the  center).  The  significant  increase  in  the 
velocity  during  the  first  microseconds 
(~150m/s)  can  be  related  to  the  curvature  of  the 
detonation  front.  In  fact,  with  this  L.W.G.  the 
stationnarity  is  not  reached  after  120mm  of 
detonation. 

After  four  microseconds  of  motion  the 
velocities  obtained  with  the  two  L.W.G.  become 
comparable. 

As  a  conclusion  of  this  section,  the  specifica¬ 
tions  of  the  standard  symmetrical  plane  test 
defined  on  Figure  lb  are  described  as  follows: 

-  M,  =  AZ31B 

-  et  =  4.15mm 

-  e2  =  20mm 

-  /  =  90mm 

-  instrumentation:  Fabry-Perot  interferometer 

-  velocity  of  one  of  the  liners  monitored  at 
120mm  from  the  initiation 

-  initiator  =  LWG  (imperfection  less  than 
100ns) 

*  length  of  the  device  =  200mm 


TIME  (microstt! 


Fig.  7.  Velocities  obtained  with  two  L.W.G. 

1.  Standard  L.  W.G.  (imperfection  less 
than  100ns) 

2.  L.  W.G.  with  an  important  imperfec¬ 
tion  (600ns  of  delay  at  the  center) 


APPLICATIONS 

EOS  of  a  Cast  PBX 

The  determination  of  the  J.W.L.  coefficients 
for  the  detonation  products  of  a  cast  PBX  (oc- 
torane  86 A  containing  86%  HMX  in  a  Pu 
binder)  has  been  made.  The  experimental  results 
obtained  from  the  standard  symmetrical  plane 
test  is  given  in  Figure  8.  Also  shown  in  Figure 
8  is  our  best  calculation  fit  obtained  with  the 
following  parameters: 

P<~:j  =  CJ  pressure  =  30GPa 

D  =  celerity  of  detonation  =  8230mys 

Q0  =  initial  density  =  1710kg/m3 

Rj  =  4.23  R2  =  0.95 

co  =  0.35 

A  =  601.64GPa 

B  =  4.398GPa 

C  =  1.092GPa 


TIME  (microstc) 


Fig.  8.  1.  Experimental  velocity  curve 

2.  Calculated  velocity  curve 

3.  Motion  of  the  liner  obtained  by 
integration  of  1 

Calculations  have  been  made  v/ith  the 
PISCES  2DELK  code  (4).  The  zoning  is  shown 
in  Figure  9.  The  calculated  velocity  is  directly 
compared  with  the  experimental  curve  (inclina¬ 
tion  of  the  eulerian  zoning).  Due  to  the  pseudo¬ 
viscosity  of  the  code,  the  first  step  is  not  exactly 
fitted.  After  this  first  step,  the  fit  becomes 
excellent. 
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Fig.  9.  Zoning  for  code  calculation  (the  velocity 
is  taken  at  40mm  from  the  lower  end  of  the  device) 


Improvements  Resulting  of  this  Method. 

The  motion  of  a  liner  obtained  by  integrating 
the  velocity  curve  is  also  shown  in  Figure  8.  The 
fine  structure  observed  on  the  velocity  curve 
during  the  first  four  microsecondes  almost  does 
not  affect  the  motion  curve.  This  fine  structure 
can  give  information  on  the  CJ  pressure  (5)  and 
on  the  parameter  Rj  of  the  J.W.L.  equation.  So 
the  direct  monitoring  of  the  velocity  is  much 
more  fruitful!  than  an  expansion  curve  obtained 
from  a  streak  camera  record. 

The  AZ31B  alloy  can  be  treated  hydrodynam- 
ically  or  with  an  Hugoniot  elastic  limit  of  0.1 1 
GPa  without  significant  influence  on  the  calcu¬ 
lated  velocity.  More  generally,  the  calculated 
velocity  doesn’t  depend  strongly  on  the  equa¬ 
tion  or  state  of  the  liner’s  material. 

CONCLUSIONS 

The  symmetrical  plane  test  can  be  used  for 
the  determination  of  the  J.W.L.  parameters  of 
high  explosives.  The  great  simplicity  of  the  set¬ 
up  is  the  main  advantage  of  this  configuration. 

This  work  has  been  performed  under  the 
auspices  of  French  Ministry  of  Defense  (D.R.E.T. 
and  S.T.P.E.) 


The  use  of  an  interferometric  device,  which  is 
also  convenient  for  the  monitoring  of  cylinder 
test,  represents  a  major  improvement.  This  ex¬ 
perimental  technique  allows  to  finely  detect  the 
influence  of  all  the  expansion  levels  from  the  CJ 
point  to  an  expansion  ratio  exceeding  6  in  the 
case  of  the  symmetrical  plane  test.  Therefore  it 
appears  to  be  possible  to  entirely  characterize 
the  detonation  products  (CJ  point  and  J.W.L. 
coefficients)  by  use  of  a  single  experiment. 

Finally,  this  experimental  approach  could  be 
considered  as  a  hopeful  way  to  eventually  in¬ 
vestigate  a  more  appropriate  form  of  an  EOS 
for  detonation  products. 
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DISCUSSION 

MANFRED  HELD.  MBB  Apparate,  Germany 

You  have  taken  into  account  the  release  wave 
from  the  site.  I  expect  an  influence  in  your 
dimensions.  Chanteret  -  I.S.L.  •  has  made  con¬ 
siderations  to  this  point. 


REPLY  BY  P.  GIMENEZ 

Two  approaches  have  been  used  to  study  the 
edge  effects: 

-  experimentally,  90mm  and  120mm  width  ex¬ 
perimental  devices  were  fired  and  no  significant 
velocity  differences  were  detected  (Figure  6), 

-  analytically,  expansion  versus  time  curve  ob¬ 
tained  from  numerical  simulation  (Figure  3,  curve 
number  1)  has  been  used  to  calculate  the  arrival 
time  of  the  edge  effects  of  the  center  of  the  plate. 

Hypothesis  were: 

-  stationnarity 

-  polytropic  E.O.S.  for  the  products 

{—  a  majorant  of  this 
arrival  time 
—  an  overvalue 
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MODELS  OF  EXPLOSIVELY  DRIVEN  METAL 


J.  T.  Dehn 

US  Army  Ballistic  Research  Laboratory 
ATTN:  AMXBR-TBD 
Aberdeen  Proving  Ground,  Maryland 


Relations  between  the  Taylor  and  Gurney  Models  of  explosively-filled 
cylinders  are  discussed  A  method  is  then  introduced  which  simplifies 
Taylor’s  model,  expressing  his  results  in  formulas  not  much  more 
complicated  than  Gurney’s  for  launch  speeds.  The  time-and-angle- 
dependencies  of  Taylor’s  model  are  retained  making  his  model  as 
easy  to  use  as  the  time-dependent  variations  of  Gurney's  model 
Finally,  Taylor’s  model  (both  original  and  simplified)  is  extended  to 
planar  geometry,  much  as  Gurney’s  formula  was  extended  These  for¬ 
mula's  should  be  useful  in  design  work  which  requires  space-time 
trajectories  which  are  accurate  enough  to  offer  insight  without  the 
labor  required  for  great  precision. 


INTRODUCTION 

There  is  a  continuing  need  for  and  interest  in 
simple  models  of  explosively  driven  metal. 
Military  applications  have  received  the  most  at¬ 
tention,  beginning  with  the  work  of  Taylor  (1) 
and  Gurney  (2)  on  the  launch  speeds  of 
fragments  from  explosively  driven  metal  shells. 
Taylor  also  applied  his  ideas  to  the  formation 
of  shaped  charge  jets  (3)  and  later  published  his 
results  (4).  Variations  of  these  basic  ideas  are 
still  being  used  today  in  design  and  analysis 
work.  These  ideas  have  also  proven  to  be  useful 
in  the  general  field  ot  shock  physics  (5),  and 
several  recent  papers  have  appeared  on  applica¬ 
tions  of  Gurney’s  analysis  (6-9). 

Here  we  will  express  Taylor's  analysis  (1)  in 
simple  formulas  and  extend  it  to  cases  of  planar 
as  well  as  cylindrical  symmetry.  Taylor’s 
....nerical  analysis  was  presented  in  tabular 
form  and  has  been  virtually  ignored.  By  con¬ 
trast,  Gurney’s  results  were  presented  in  sim¬ 
ple  formulas  which  nave  been  widely  used  and 
extended.  An  exception  is  Taylor’s  simple  for¬ 
mula  for  the  projection  angle.  This  small  part 
of  Taylor’s  model  has  also  been  widely  used  in 
a  somewhat  obscure  combination  with  Gurney 


formulas  to  obtain  a  projection  velocity 
(magnitude  and  direction). 

In  this  paper  we  will  establish  the  validity  of 
using  the  exponent  Y  =  3  in  the  entropic  equa¬ 
tion  of  state.  This  is  required  for  the  simplifica¬ 
tion  of  Taylor’s  theory  and  its  extension  to 
planar  geometry  as  will  be  discussed.  A  descrip¬ 
tion  and  comparison  of  Taylor’s  and  Gurney’s 
models  is  g  jn  in  this  paper  by  way  of 
preparation. 

THE  ADIABATIC  EXPANSION  OF 
DETONATION  PRODUCT  GASES 

A  key  element  in  Taylor’s  analysis  was  pro¬ 
vided  by  H.  Jones  who  numerically  evaluated 
one  of  Taylor’s  integrals.  Jones  worked  with 
Taylor  on  the  Research  Committee  of  the 
Ministry  of  Home  Security  and  wrote  several 
papers  with  him  (10-12).  Jones  gave  an  account 
of  his  methods  in  several  Research  Committee 
papers  which  are  no  longer  available.  Fortunate¬ 
ly,  his  work  was  later  published  (13-14). 

In  reference  (13),  Jones  gives  his  Equation 
(27) 

p  =  Bgf  (1) 

relating  the  pressure  p  and  density  q  of  the 
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product  gas  during  its  expansion.  Here  B  and 
y  are  constants.  Equation  (1)  is  called  the  en- 
tropic  equation  of  state  and  applies  to 
polytropic  gases  for  which  the  internal  energy 
depends  only  on  the  temperature  (15).  For  ideal 
gases  at  moderate  pressures  and  temperatures, 
y  is  not  much  larger  than  unity.  Jones  estimates 
that  y  should  be  close  to  three  near  the  rear  of 
the  reaction  zone  of  a  typical  solid  explosive 
loading  and  remarks  that  such  a  high  value  oc¬ 
curs  because  the  products  initially  form  a  very 
imperfect  gas.  He  derives  the  value  y  =  3  by 
assuming  that  the  ratio  of  the  densities  at  the 
front  (e0)  and  rear  (gj)  of  the  reaction  zone  is 

Qo'Qy  =  3/4  • 

In  reference  (14)  Jones  and  Miller  used  a  virial 
equation  of  state  to  calculate  pressure,  volume, 
and  product  species  for  TNT  and  predicted  an 
approximately  linear  dependence  of  both 
detonation  velocity  and  detonation  pressure  on 
loading  density.  These  results  of  Jones  and 
Miller  wore  again  used  by  Taylor  in  a  later  paper 
(16)  in  which  he  demonstrated  for  the  first  time 
the  possibility  of  a  spherical  detonation  wave, 
contradicting  an  opinion  previously  expressed 
by  Jouguet. 

Many  other  authors  have  followed  Jones  by 
using  y  =  3  to  describe  the  high  pressure  gases 
which  result  from  the  detonation  of  condensed 
explosives  near  their  maximum  loading  densi¬ 
ty.  Jacobs  (17)  has  pointed  out  that  both  the 
Kistiakowsky-Wilson  equation  of  state  and  that 
used  by  Jones  and  Miller  lead  to  calculated 
results  which  can  be  expressed  by  Equation  (1) 
above  with  y  =  3  down  to  one  per  cent  of  the 
detonation  pressure,  with  an  accuracy  accep¬ 
table  for  hydrodynamic  usage. 

In  1968,  Jacobs,  together  with  Kamlet,  pro¬ 
posed  a  simple  method  of  calculating  detonation 
properties,  that  is,  properties  at  the  rear  of  the 
reaction  zone  (18).  This  was  the  first  in  a  long 
series  of  papers  which  has  not  yet  been  com¬ 
pleted.  The  sixth  paper  (19)  in  this  series  gives 
an  empirical  expression  for  y  in  terms  of  the 
loading  density  with  y  again  approximately 
equal  to  three  for  military  explosives  at  typical 
loading  densities.  In  connection  with  this  paper, 
we  also  note  a  recent  paper  by  Andersen  (20). 

The  fifth  paper  (21)  in  the  above  series  pro¬ 
vides  us  with  a  table  of  pressures  and  inverse 


Fig.l.  Linear  relation  between  pressure  and 
density  cubed,  illustrated  by  64/36  RDX/TNT 
(q0  —  1.715  g/cm3)  and  TNT  (e0  =  1.55  g/cm3) 


densities  (specific  volumes)  for  various  condi¬ 
tions  during  the  expansion  of  the  products  from 
the  detonation  of  twelve  common  explosive 
loadings,  calculated  by  using  a  Kistiakowsky- 
Wilson  equation  of  state. 

If  we  use  this  table  to  plot  p  versus  e3.  we  see 
that  Equation  (1)  with  y  =  3  can  be  fitted  very 
closely  to  these  calculated  results,  at  least  ever 
the  range  of  q  of  interest  to  metal  acceleration, 
confirming  Jacobs’  remark  (17).  Figure  1  il¬ 
lustrates  this  for  two  explosive  loadings.  The 
values  marked  X  and  O  are  from  their  table. 

If  we  adjusted  y  as  well  as  B  in  Equation  (1) 
we  might  obtain  slightly  better  agreement. 
However,  there  is  little  justification  for  doing 
this  since  the  values  being  fitted  can  be 
calculated  from  various  equations  of  state 
chosen  for  convenience  rather  then  theoretical 
reasons.  Since  almost  any  reasonable  form  will 
do,  we  should  not  place  much  weight  on  the  fact 
that  a  particular  form  gives  us  reasonable 
results.  As  Jones  and  Miller  remarked  long  ago 
(14),  we  have  little  information  to  guide  us  in 
choosing  a  correct  form  for  the  equation  of 
state.  There  is  no  virture  in  using  complicated 
empirical  equations  which  are  designed  to  cover 
critical  phenomena  controlled  by  weak 
molecular  attractions.  The  best  that  can  be  done 
is  to  choose  the  simplest  equation  which  is  ade¬ 
quate  for  one’s  purpose,  as  they  did  and  as  we 
shall  do. 

If  we  let  y  =  3  in  Equation  (1),  analytical 
simplifications  become  possible,  as  we  shall  see 
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presently.  One  example  of  such  simplification 
has  already  been  given  by  Aziz  and  co-workers 
(22),  who  compared  the  results  of  an  exact  solu¬ 
tion  for  rigid  piston  loading  (possible  if  y  =  3) 
with  numerical  solutions  in  the  parameter  range 
2.5  <  y  <  3.5.  They  concluded  that  only  a  one 
percent  error  would  be  made  in  calculating  the 
energy  transmitted  to  the  piston,  in  spite  of 
variations  in  the  detonation  pressure  and  veloci¬ 
ty  of  about  fifty  per  cent.  Similar  conclusions 
were  reached  earlier  by  Gurney  in  his  discussion 
of  gas  leakage  (23). 

TAYLOR’S  ANALYSIS  OF  A 
TUBULAR  BOMB 

Since  the  details  of  this  model  (1)  are  not  wide¬ 
ly  known,  we  will  summarize  them  here.  Figure 
2  shows  a  longitudinal  cross  section  of  an  in¬ 
finitely  long  tubular  bomb  in  the  neighborhood 
of  a  planar  detonation  front  (solid  vertical  line) 
which  is  moving  to  the  right  at  constant  speed, 
D.  To  an  observer  in  the  laboratory,  the  process 
of  gas  expansion  and  metal  acceleration  appears 
to  be  complicated,  since  the  gas  first  moves  for¬ 
ward  following  the  detonation  wave  front  and 
later  moves  backward  away  from  it  so  that  it 
acts  twice  on  the  same  element  of  the  case,  as 
we  shall  see.  However,  to  an  observer  who 
travels  with  the  detonation  front  and  looks  back 
at  the  expansion  process,  these  complexities 
disappear,  since  the  gas  pressure  and  velocity 
at  a  given  distance  behind  the  front  (dashed  ver¬ 
tical  line)  do  not  change  with  time  (steady  state 
condition).  Moreover,  the  velocity  of  a  case  ele¬ 
ment  along  its  length  ds  is  constant  and  equal 
to  D,  since  there  is  no  stretching  along  ds.  The 
transformation  between  the  laboratory  coor¬ 
dinate  X  and  the  coordinate  x  used  by  the  mov¬ 
ing  observer  is 

X  =  -  (x-Li)  +  X0.  (2) 

as  shown  in  Figure  2.  Here  t  is  the  time,  which 
is  taken  to  be  the  same  for  both  observers,  since 
detonation  wave  speeds  are  negligible  compared 
to  the  speed  of  light.  The  radial  coordinates  It 
—  r  are  also  the  same  for  both  observers  as  is 
the  (ignorable)  equatorial  angle  measured  about 
the  x-axis.  The  time  derivative  of  Equation  (2) 
gives  us  the  relation  between  the  speeds  U  = 
X  and  u  =  x,  using  the  dot  convention  for  time 
derivative, 


Fig.  2.  Tubular  case  expansion  geometry 

Let  M  be  the  constant  mass  per  unit  length 
of  the  cylindrical  shell  casing  and  r  be  the  radial 
position  of  the  center  of  a  ringlike  element  of 
the  case  wall,  namely,  the  average  of  the  inner 
and  outer  radii  of  the  casing  at  any  time  t  with 
r  much  larger  than  the  wall  thickness.  If  we  take 
the  ring  to  be  of  unit  length,  then  the  area  acted 
on  by  the  gas  pressure  is  2nr  times  unity  and 
the  mass  per  unit  area  is  Ml  (2nr).  The  pressure 
always  acts  normal  to  the  metal  surface  and 
balances  the  centrifugal  force  |M/  (2nr)  ]  (D2/Rc), 
where  Rc  is  the  radius  of  curvature  (see  Figure 
2),  the  inverse  of  the  curvature  of  the  arc  ds. 
Thus, 


where  we  have  retained  the  exact  expression  for 
the  curvature.  For  a  sufficiently  heavy  case, 
tan2$  =  /  dr\  2  will  be  much  less  than  unity 
V  dx/  (see  Figure  2),  approaching  uni¬ 
ty  only  as  $  approaches  45°.  Thus  it  is  a  good 
approximation  to  neglect  it  in  the  denominator 
of  Equation  (4)  as  Taylor  implicitly  did. 
However,  there  is  no  difficulty  introduced  by  re¬ 
taining  it,  at  least  for  a  while,  so  we  will. 

If  we  multiply  both  sides  of  Equation  (4)  by 
(4nrdr)/MD2  =  (4nr  tan<f>  dx)/(MD2),  we  find 

„  tan  $  d(tan  4’) 

2  TTpTi 

1  +  tan2  4 

=  2  sin  4  d  4  —  pd(r2) 

MD2 


U  =  D  -  u. 


(3) 


where  we  have  used  the  identities  d(tan  $)  = 
sec^d^,  1+  tan2<f>  =  sec2<|>  and  2  rdr  =  d  (r2). 
The  left  side  of  Equation  (5)  is  readily  integrated 
from  4>  =  0  to  obtain  (for  any  and  small  <j>): 

2(1— cos  $)  =  4  sin2(>}>/2)  =  tan2<}i  (6) 

We  are  interested  in  the  square  root  of  Equa¬ 
tion  (6).  In  moving  coordinates,  the  components 
of  the  case  velocity  are  vr  =  dr/dt  =  D  sin  <j>  and 
vx  =  dx/dt  =  D  cos  <i>  from  Figure  2.  In 
laboratory  coordinates  the  components  are  Vr 
=  vr  and  Vx  =  D  (l-cos|),  so  that  the  magni¬ 
tude  of  the  case  velocity  in  laboratory  coordinates 
is 

V  =  V/  Vr2  +  Vx2 

=DV  sin2  f  +  (1— cos  $)2  (7) 


=D\/  2(1 -cos  <f>)  =2D  sin  (4>/2), 

where  we  have  used  the  identity  sin24>  +  cos2<j> 
=  1  and  Equation  (6).  Equation  (7)  is  the  only  for¬ 
mula  in  Taylor’s  analysis  which  has  received  wide 
use,  clearly  because  of  its  simplicity.  We  also  note 
by  another  identity  that 

_  ....  =  tan  (4-/2)  (8) 

Vr  sin  4 

so  that  the  angle  of  projection  in  laboratory  coor¬ 
dinates  is  4 12 .  Equations  (7)  and  (8)  are  exact.  If 
we  follow  Taylor  and  use  tan  j>  ~  2  sin  (i/12)  for 
the  integral  of  the  left  side  of  Equation  (5),  we 
make  less  than  a  5%  error  for  4  £  20°.  The 
exact  expression  in  Equation  (6)  has  already  been 
used  by  others.  In  the  journal  literature  it  was 
used  by  Allison  and  co-workerss  (24-25)  who 
wrote  di/lds  =  (dr/ds)  (d^dr)  —  sin  4  (d<j>/dr)  for 
the  curvature  in  Equation  (5).  This  is  equivalent 
to  retaining  the  exact  curvature. 

In  order  to  integrate  the  right  side  of  Equation 
(5)  let  us  write  down  a  few  more  useful  relations. 
For  an  explosive  gas  mixture  in  a  rigid  cylinder, 
such  as  a  hydrogen/oxygen  mixture  in  a  shock 
tube  experiment,  the  equation  of  mass  conserva¬ 
tion  in  moving  coordinates  is 

dm  =  g0A0Ddt  =  gAudt  (9) 

where  Ddt  and  udt  are  the  original  and  com¬ 
pressed  length  of  a  gas  volume  element  of  mass 
dm  and  constant  cross  sectional  area  A  =  A0. 


Here  g0  is  the  uncompressed  gas  density  while 
g  is  its  compressed  density.  Since  the  tube  is  rigid, 
A  is  constant  and  g0D  =  gu.  However,  for  the 
gaseous  detonation  products  of  a  solid  explosive 
high  density  loading  expanding  in  a  metal  tube, 
A  will  not  remain  constant.  For  a  tube  with  a  cir¬ 
cular  cross  section,  the  area  before  expansion  is 
A0  =  nr  2  while  after  some  expansion  it  becomes 
A  =  nr2  >  A0.  If  we  use  these  expressions  in 
Equation  (9)  and  cancel  n,  we  find 

g0Dr02  =  pur2  (10) 

for  mass  conservation.  Now  g0  is  the  loading  den¬ 
sity  of  the  solid  explosive  before  detonation.  Since 
steady  state  flow  conditions  hold  in  moving  coor¬ 
dinates,  the  equation  of  continuity  is 

J_  _L  (rgv)  +  JL  (gu)  =  0  (11) 

r  dr  3x 

where  v  is  the  radial  component  of  the  gas  veloci¬ 
ty  (as  contrasted  with  vr.  the  radial  component 
of  the  metal  velocity).  It  is  interesting  to  conclude 
from  Equation  (10)  that  (gu)  is  independent  of  x, 
so  that  (rgv)  in  Equation  (11)  must  be  indepen¬ 
dent  of  r.  Since  g  is  inversely  proportional  to  r2 
from  Equation  (10)  when  u=D,  then  v  must  be 
proportional  to  r  under  these  conditions.  Thus  we 
may  write 

v  =  r(vB/rB),  (12) 

where  vB  and  rB  are  constants  which  we  will 
define  later.  Equation  (12)  was  introduced  by 
Gurney  (2)  as  a  postulate,  although  it  follows  from 
the  equation  of  continuity  under  the  conditions 
mentioned.  Gurney  gave  no  indication  that  he 
ever  noticed  this  fact.  Instead,  his  assumption 
had  quite  a  different  motivation  as  we  shall  see. 

In  the  Chapman-Jouguet  model  of  detonation, 
the  approximation  is  made  that  all  chemical  reac¬ 
tion  is  completed  in  such  a  short  time  that  the 
width  of  the  reaction  zone  is  negligble.  Thus  we 
may  approximate  changes  in  variables  like  p,  g 
and  u  by  discontinuous  jumps  instead  of  using 
derivatives  with  very  large  values.  If  we  use  the 
subscript  unity  to  denote  values  just  behind  this 
very  narrow  reaction  zone  and  the  approximation 
Tj  —  r0  (no  expansion  in  the  reaction  zone),  then 
Equation  (10)  becomes 

g0D=giUi  (13) 

as  in  a  rigid  tube.  Similarly,  we  can  use  Newton’s 
second  law  in  its  impulse-momentum  form  to 
derive  another  jump  condition.  The  impulse 
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delivered  across  the  reaction  zone  is  (pj  — pJAdt 
which  is  equal  to  the  change  in  momentum  across 
this  zone,  namely,  dmfD-Uj)  where  dm  is  given 
by  Equation  (9).  If  we  neglect  the  (ambient) 
pressure  P0  at  the  front  of  the  reaction  zone  com¬ 
pared  to  the  detonation  pressure  pj  at  its  rear 
and  cancel  Adt,  we  obtain 


third  part  of  Equation  (17),  we  have  used  Equa¬ 
tion  (16)  to  evaluate  the  remaining  integral.  In  the 
fourth  form,  we  have  eliminated  e0D  in  Equation 
(14)  by  using  Equation  (13)  to  obtain 


-^ir  +  Uj  =  +  Uj  =  D 

e0D  1  ejUj  1 


(18) 


Pi  =  e0D(D— Uj)  •  (14) 

We  need  one  other  relation  in  order  to  integrate 
the  right  side  of  Equation  (5).  This  is  the  strong 
form  of  Bernoulli’s  law  for  steady  flow  (26) 

/P  =  '/aUj2  —  1/2<U2  +  V2)  =  '/2(Ui2  —  u2) 


then  used  Equation  (18)  in  Equation  (17).  Final¬ 
ly,  we  have  used  Equations  (6)  and  (7)  to  complete 
the  derivation.  Equation  (17)  gives  V  as  a  func¬ 
tion  of  the  variables  p,  q  and  u  and  the  par¬ 
ameters  D  and  a.  Taylor  went  on  to  find  the 
shape  of  the  case  by  numerically  integrating  the 
equation 

x  =  /  dr/tan  $  (19) 


since  v2  <  <  u2  =  D2  as  mentioned  above.  The 
approximate  differential  form  of  Equation  (15)  is 
then 

dp  =  -  eudu.  (16) 


The  variable  on  the  right  side  of  Equation  (5) 
was  chosen  to  be  r2  so  that  we  may  use  Equa¬ 
tion  (10)  to  introduce  the  new  variable  l/(pu).  Then 
the  integral  of  the  right  side  of  Equation  (5) 
becomes 


2n 

MD2 


f  Pd(r:!) 


ro2 


=  - . J  pd  (  1.  ) 

MD  l  '  <?u  ' 


2 

ab 

2_ 

aD 


p _ Pp 

eu  e,u, 


eu 

=  4  sin-(4>/2) 


-I 


(?u 

dp 

<?u 


+  u  —  D 


(17) 


=  (V/D)2  *  tan2$ 


which  is  Taylor's  (1)  Equation  (11)  when  tan2$  is 
used.  In  the  third  line  of  Equation  (17),  we  have 
introduced  Taylor’s  notation  for  the  metal  case 
to  explosive  charge  mass  ratio,  a  =  MIC  = 
Md(?0nr02),  where  C  is  the  explosive  mass  per  unit 
length  of  cylinder.  We  have  also  integrated  by 
parts  from  the  highly  compressed  state  1  to  an 
expanded  state  some  distance  x  behind  the 
detonation  front  (zero  width  reaction  zone).  In  the 


which  is  derived  from  tan<f>  =  dr/dx. 

Equation  (17)  is  rarely  cited  in  the  literature 
since  p  and  u  do  not  appear  as  simple  functions 
of  r.  although  (pu)  has  a  simple  form  in  Equation 
(10).  Instead,  u  must  be  found  from  Equation  (15) 
with  Uj  given  by  Equation  (13).  As  was  mention¬ 
ed  above,  H.  Jones  evaluated  the  integral  in 
Equation  (15)  for  Taylor.  Once  this  was  done,  us¬ 
ing  q0  —  1.51  g/cnt3  and  D  =  6.38  X  105  cm/s 
for  TNT,  Taylor  presented  his  solution  in  tabular 
form.  The  first  four  columns  in  Table  I  here  give 
some  of  his  values  for  p,  p  and  u  as  a  function 
of  the  expansion  variable,  i  =  r/r0.  The  row  of 
values  in  parenthesis  has  been  added  for  u=D  to 
bring  out  the  point  that  u~D,  but  (D-u)  changes 
sign  so  that  to  a  laboratory  observer  (Equation 
(3) )  the  gas  at  first  appears  to  follow  the  detona¬ 
tion  front,  then  recedes  from  it.  The  fifth  column 
in  Table  I  gives  experimental  values  for  the  case 
velocity  measured  in  a  standard  cylinder  (27).  V 
in  column  6  was  calculated  from  Equation  (17). 
The  values  in  column  5  were  interpolated  between 
Short’s  values  for  p0  —  1.45  and  1.63  g/cm3.  The 
values  in  column  6  lie  a  little  below  Short’s  values 
for  p0=1.45  g/cm3  and  about  10%  below  the 
values  in  column  5.  This  is  consistent  with  Tay¬ 
lor’s  neglect  of  the  radial  component  of  gas  veloci¬ 
ty.  A  variety  of  other  reasons  can  also  be  used 
to  explain  this  discrepancy.  Here  we  only  wish 
to  note  the  rather  good  agreement,  a  trend  we 
hope  to  emulate  in  a  simplified  version  of  Taylor’s 
model  to  be  explained  below.  Column  7  in  Table 
I  was  calculated  using  this  simplified  version. 
Before  doing  this,  however,  let  us  examine 
Gurney's  approach  to  the  problem. 
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GURNEY’S  MODEL  AND  THOMAS’ 
SYNTHESIS 

It  is  clear  from  Section  3  of  his  report  (2)  that 
Gurney  wanted  to  explain  an  experimental 
observation;  namely,  the  fact  that  the  fragment 
launch  speeds  of  very  different  size  weapons 
containing  the  same  explosive  seemed  to  de¬ 
pend  mainly  on  the  ratio  of  the  mass  of  the  ex¬ 
plosive  to  the  mass  if  the  metal;  that  is,  (C/M)-v, 
where  y  is  a  power  near  0.22  for  large  bombs, 
but  closer  to  0.50  for  small  projectiles.  This  led 
him  to  his  basic  assumption  which  he  stated  in 
his  abstract  and  repeated  in  Section  4  of  his 
report:  namely,  the  contribution  made  to  the 
total  kinetic  energy  by  the  detonation  of  each 
unit  mass  of  explosive  is  independent  of  the  size 
of  the  projectile.  He  used  the  symbol  E  to 
denote  this  constant  energy  contribution  per 
unit  mass  and  C  =  e0nr02  for  the  explosive 
mass  per  unit  cylinder  length.  Thus,  EC  is  the 
energy  contribution  per  unit  length.  Initially, 
the  energy  released  by  the  detonation  appears 
entirely  as  the  internal  energy  of  the  highly 
compressed  detonation  product  gases.  How¬ 
ever,  it  is  rapidly  converted  into  kinetic  energies 
of  gas  and  metal  as  the  case  expands  until,  at 
the  moment  of  bursting,  most  of  it  is  in  this 
form.  Since  Gurney  knew  from  experiments 
that  radial  fragment  motion  completely  dom¬ 
inates  axial  components,  he  partitioned  EC  in¬ 
to  radial  energies  of  metal  and  gas,  integrating 
over  '■'jqv2  for  the  latter.  He  took  Equation  (12) 
above  to  be  true,  using  the  symbol  v0  for  vB, 
the  case  velocity  at  the  moment  of  bursting 
(equal  to  the  ras  velocity  at  the  case),  and  the 
symbol  a  insiead  of  rB  for  the  case  radius  at 
this  time.  He  then  wrote  his  Equation  (1): 

EC  =  >/sMvb2  +  ‘/2V|j'“  f  B  2nr q  r2  (Jr 

0  Tn2 

B  (20) 

Here  we  are  using  M  for  the  case  mass  per  unit 
length,  a  sum  over  mass  elements  which  form 
a  ring.  Since  his  basic  assumption  required  EC 
to  be  independent  of  rB,  the  integral  in  Equa¬ 
tion  (20)  must  somehow  be  independent  of  rB. 
Near  the  top  of  page  5  in  his  report,  Gurney 
states  that  he  assumed  q  to  be  constant.  Clear¬ 
ly  he  took  q  =  C/(nrB2)  =  e0ro2/rB2>  a  constant 
which  can  be  taken  outside  the  integral  sign, 
putting  rB4  in  the  denominator.  Gurney’s  rea¬ 
son  for  assuming  a  linear  dependence  of  v  on 
r  now  becomes  clear.  Equation  (12)  puts  r2/rB2 


in  the  integral.  Since  the  integral  of  r3  is  r4/4, 
rB4  appears  in  the  numerator  to  cancel  rB4  in 
the  denominator  and  make  EC  independent  of 
the  projectile  size.  The  integral  becomes  CVB/4 
and  a  solution  for  vB  gives  us 

VB  =  2E /  [(M/C)  +  Vi]  (21) 

which  is  Gurney’s  widely  used  cylinder  formula. 

Gurney  was  also  interested  in  small  projectile 
warheads  and  grenades  which  more  closely 
resemble  spheres  than  long  cylinders.  His  Equa¬ 
tion  (2)  for  a  cased  spherical  charge  is  analogous 
to  his  Equation  (1): 

EC  =  HMvg2  +  '/2Vb2  f  B  4nr2  q  r2  dr- 

rB2 

(22) 

where  M  is  now  the  case  mass  and  C  =  q0 
(4/3nr03)  is  the  charge  mass  with  r  the  spherical 
radial  coordinate.  Again  he  took  q  =  SCI  (4nrB3) 
to  be  constant  which  put  rB5  in  the 
denominator.  Of  course  the  integral  of  r4  is  r5/5 
which  puts  rB5  in  the  numerator,  making  EC  in¬ 
dependent  of  projectile  size  in  this  geometry 
also.  The  integral  becomes  3CvB2/10,  and  solu¬ 
tion  for  vB  gives  us 

VB  =  ^  2E  /  |  (M/C)  +  3/5]  (23) 

for  a  sphere.  Gurney  noted  that  Equations  (21) 
and  (23)  make  vB  vary  as  (C/M)-5  for  small  C/M 
and  as  (C/M)-25  for  large  C/M  in  agreement  with 
the  observations  he  set  out  to  explain  as  simply 
as  he  could.  Of  course  both  equations  tend  to 
asymptotic  values  as  (C/M)  -~°°  (bare  charge). 
By  using  a  value  of  E  about  20%  smaller  than 
that  estimated  experimentally,  he  was  able  to 
obtain  reasonable  agreement  with  experiment. 
As  we  have  seen  in  our  discussion  of  Equations 
(11)  and  (12)  above,  Gurney  was  making  an  ex¬ 
cellent  approximation  in  Equation  (12).  In  ef¬ 
fect,  he  was  letting  u  =  D  in  Equation  (10)  when 
he  let  q  =  @B  =  Cl  (nrB2),  which  is  very  nearly 
true  for  bursts  which  occur  for  r/r0  >  1.16.  As 
Taylor  pointed  out,  the  gas  density  is  nearly  a 
constant  over  an  entire  plane  at  any  distance 
x  from  a  moving  observer,  that  is,  for  any  given 
r/r0.  For  a  sphere  in  which  only  radial  motion 
occurs,  the  analog  of  Equation  (il)  is 

_J _ d_  (rV)  =  0  (24) 

r2  dr 
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which  can  be  considered  together  with  mass 
conservation 

c  =  e0  4  nro 3  =  Hr nr3  <25> 

to  arrive  at  Equation  (12)  in  this  geometry  also. 
If  y  is  the  cartesian  coordinate  normal  to  an  in¬ 
itially  planar  explosive/metal  interface  and  the 
detonation  propagates  along  the  x-axis,  the 
analog  of  Equation  (11)  is 

JL  lev)  +  JL  (eu)  =  o  (26) 

dy  dx 

where  each  term  vanishes.  Mass  conservation 
requires  guy  =  p0Dy0  where  y0  is  the  initial  ex¬ 
plosive  sheet  thickness,  so  gu  is  not  a  function 
of  x.  For  u~D,  q~  1/y  so  v~y  to  make  qv  in¬ 
dependent  of  y. 

Thomas  (28)  a  co-worker  of  Gurney,  compared 
Gurney’s  and  Taylor’s  models.  In  his  synthesis, 
Thomas  began  with  a  brief  description  of 
Gurney's  model,  generalizing  Equations  (21) 
and  (23)  to  include  the  planar  case 


v  “  VH  “  \/  2E  /  ((M/C)  +  n/(n  +2))  (27) 

where  n=l,  2  and  3  for  planar,  cylindrical  and 
spherical  symmetries  respectively.  Following 
this,  he  gave  a  brief  account  of  Taylor’s  model, 
but  used  the  exact  curvature  d<J>/ds=sini  (d$/dr) 
as  Allison  and  Shriempf  (24)  did  sixteen  years 
later.  Thomas  went  on  to  solve  the  Lagrangian 
equations  of  .notion  by  a  series  of  successive  ap¬ 
proximations.  using  a  parameter  inverse  to  the 
detonation  velocity.  He  obtained  Gurney’s 
result  as  the  asymptotic  limit  of  the  zeroth 
order  solution  in  which  detonation  is  imagined 
to  occur  simultaneously  everywhere  in  the  ex¬ 
plosive  (D=°°).  Taylor’s  model  emerged  in 
h:gher  order  solutions.  He  concluded  that  Tay¬ 
lor’s  model  should  be  an  excellent  approxima¬ 
tion.  Thomas  also  considered  shocks  and  con¬ 
cluded  that  their  effect  on  the  energy  is  slight. 
After  two  or  three  brief  reverberations,  the  mo¬ 
tion  settles  down  to  an  asymptotic  form.  For 
very  thin  shells  stepwise  shock  acceleration  at 
very  early  times  has  been  observed  by  Allison 
and  Shriempf  (24).  Eden  and  Wright  (29)  have 
observed  a  similar  effect  for  thin  plates. 
Theoretical  studies  of  shock  acceleration  have 
also  been  carried  out  in  recent  years,  using  the 
method  of  characteristics  (30,  31).  Neither  of 


these  studies  changes  Thomas’  conclusion  that 
there  is  no  need  to  consider  shock  effects  when 
considering  the  motion  of  most  practical 
devices. 

Let  us  compare  Gurney’s  model  with  Tay¬ 
lor’s.  Gurney’s  model  is  more  elementary  since 
it  relies  on  an  energy  partition  at  a  particular 
moment,  while  Taylor  solves  an  equation  of  mo¬ 
tion.  With  Gurney’s  model,  we  can  only  esti¬ 
mate  a  speed  at  a  given  time.  With  Taylor’s 
model,  we  can  calculate  the  position  (case  shape) 
and  velocity  (speed  and  direction)  of  each  case 
element  at  any  time.  For  many  purposes,  a 
Gurney  speed  with  or  without  the  addition  of 
a  Taylor  angle  is  sufficient.  If  metal  trajectories 
are  required,  Taylor’s  model  might  be  preferred. 
Thomas’  solution  of  the  Lagrangian  equations 
could  be  used,  of  course,  but  this  is  usually  too 
complicated  an  approach  for  design  work  where 
the  aim  is  insight  with  minimum  effort  rather 
than  great  precision. 

TAYLOR’S  MODEL  SIMPLIFIED  AND 
EXTENDED 

Cylinder  Struck  Side-On 

Since  the  publication  of  Taylor’s  papers  by 
Batchelor  in  1963  (1),  his  model  has  been  more 
readily  accessible  to  a  wider  audience  than 
Gurney’s  report  (2)  which  was,  practically 
speaking,  an  internal  laboratory  memorandum 
which  relatively  few  people  have  actually  read. 
In  spite  of  this,  Gurney's  model  has  been  wide¬ 
ly  used  and  extended,  while  Taylor’s  model  has 
been  virtually  ignored,  except  for  one  equation. 
Clearly,  this  is  because  of  the  relative  simplici¬ 
ty  of  Gurney’s  model.  In  this  section  we  will 
simplify  Taylor’s  model  in  order  to  facilitate  its 
use  in  problems  for  which  it  is  appropriate. 

As  we  mentioned  after  Equation  (20)  above, 
Gurney  took  e  to  be  uniform  inside  the  case  for 
any  i  =  r/r0  value.  In  effect,  he  took 
where  r=rn  (late  in  the  expansion).  Equation 
(10)  can  be  written 

G=(e0D)/(i2u)  =  eQHrl),  (28) 

where  f  =  u/D  ~  1.  If  we  put  q  —  qJ i2  in  Equa¬ 
tion  (1)  with  y=3  and  Equation  (28)  for  (qu)  in 
the  first  term  of  Equation  (17),  we  find 

JL  =  f(Be02)  /  (Df3)  ]  /  ,4  =  u  /  ,4  {29) 

eu  1 
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which  defines  UB.  From  Figure  1  for  a  TNT 
loading  density  near  that  discussed  by  Taylor, 
we  see  that  B=2  X  10 10  (dyne/cm2  /  (g/cm3)3  = 
2(mm/ps)2  /  (g/cm3)2.  Consequently,  for  q0  = 
1.51  g/cm3  and  D  =  6.38  mm/ps,  UB  =  .7/f3  = 
1  mm/ps  if  f=0.89.  This  value  of  f  can  be  taken 
as  an  effective  value  during  the  acceleration 
period  and  enables  us  to  deal  with  UB  as  a  con¬ 
stant  dependent  only  on  explosive  properties. 

Next  let  us  approximate  u  by  the  formula 

u  =  U„  -  UB(l/«2  +  1/  <4)  ,  (30) 

where  =  6.914  mm/ps  from  Table  I.  If  UB 
=  1  mm/ps,  Equation  (30)  can  be  used  in  Equa¬ 
tion  (28)  to  find 

q  =  9.634/(6.914  t2  -  (1  +  l/i2)  ]  (31) 

where  e0D  =  (1.51  g/cm3)  x  (6.38  mm/ps)  = 
9.634  (g/cm3)  (mm/ps). 

If  we  plot  o  versus  i  from  Table  I  and  com¬ 
pare  with  Equation  (31)  we  find  them  almost  in¬ 
distinguishable.  A  somewhat  smaller  UB  would 
improve  the  agreement  except  near  i  =  1. 

We  can  do  the  same  for  u  versus  i  from  Table 
1  and  Equation  (30).  Now  let  us  put  Equation 
(29)  and  '30)  in  Equation  (17)  and  require  V  = 
0  for  i  =  1.  We  find 


IL  =  IJ  +  U 


I!  • 


(32) 


so  that  can  be  estimated  for  any  explosive 
ioading  from  D,  qu,  B  and  f  —  knowledge  which 
is  available  for  most  cases  of  interest.  We  may 
assume  f  =  0.89  or  use  Taylor's  f  =  u/D  as  a 
universal  function.  Equation  (17)  becomes 


which  does  not  depend  on  D  explicitly  as  in 
Taylor's  model  (only  through  <?0  and  B).  The 
parameter  o  =  M/C  appears  in  the  denominator 
under  a  squ  *e  root  sign  as  in  Gurney’s  formula, 
although  theie  is  no  constant  added  to  a  since 
Taylor  neglects  v  compared  to  u.  As 

i  —  »  and  f  =  1,  V  = 

and  2By, 2  plays  a  similar  role  to  2E  in  Gurney's 
formula.  Here,  however,  there  is  an  explicit 
dependence  on  q0,  as  well  as  that  implicit  in  B 
and  a.  It  would  be  desirable  to  tabulate  values 
of  2Bg(>2  for  cases  of  practical  interest. 
Howt  \  to  do  a  proper  job,  we  should  make 


a  critical  comparison  of  p  versus  Q  curves 
calculated  by  various  methods.  Alternatively, 
we  can  tabulate  2Bp02  from  experimental 
information. 

If  we  use  Taylor’s  values  of  f  in  Equation  (33) 
and  with  a  =  2.67  for  the  standard  cylinder,  and 
B  =  1.5  instead  of  2,  we  find  the  values  in  col¬ 
umn  7  of  Table  I  whi:h  exhibit  a  root  mean 
square  error  of  0.04  n  m/ps  relative  to  the  six 
experimental  values.  Here  we  are  lowering  B  by 
25%  much  as  Gurney  lowered  E  from  the  value 
he  expected. 

Since  V  =Vr  =  dr/dt  =  r0di/dt,  we  can  in¬ 
tegrate  Equation  (33)  with  f  constant  (UB  con¬ 
stant)  to  find 

Dt  =  r0  N/(oD)  /  (2Ub)  (f2  -1)  «  x  (34) 

since  vx  =  dx/dt  =  D  cos  $  ~  D  as  was  men¬ 
tioned  above  in  connection  with  Equation  (7). 
If  we  put  Equation  (34)  into  Equation  (2),  it  is 
clear  that  a  case  element  which  is  seen  by  a 
laboratory  observer  to  have  very  little  axial  mo¬ 
tion  (X  ~  X0)  is  said  by  the  moving  observer  to 
recede  axially  at  about  the  detonation  speed.  Of 
course,  both  observers  see  the  same  radial  mo¬ 
tion.  We  can  rewrite  Equation  (34)  as 

r2/r02  -  x2/  [  r02oD/(2Un)  ]  =  1  .  (35) 

which  exhibits  the  approximately  hyberbolic 
form  of  the  case  shape  in  moving  coordinates. 

Since  Vx/Vr  =  dX/dr  =  tan  (^2)  from  Equa¬ 
tion  (8)  and  tan  $~2  sin  (4>/2)  =  2  tan  ($/ 2),  we  can 
integrate  Equation  (35)  with  UB  constant,  us¬ 
ing  V  =  2D  sin  ($/2)  from  Equation  (17)  to  find 
the  X,  r  path  of  a  case  element  in  laboratory 
coordinates,  namely 

X  —  X0  =  r0  f  *  tan  ($/2)di 

' 1  (36) 


which  also  gives  us  X(t)  since  i(t)  is  known  from 
Equation  (34).  Accelerations  as  functions  of 
time  may  also  be  found.  High  speed  cinematog¬ 
raphy  or  a  sequential  series  of  still  photographs 
as  used  by  Taylor  and  Jones  ( 1 2)  could  be  used 
to  check  some  of  these  relationships. 

Column  8  of  Table  I  gives  experimental  values 
(32)  for  64/36  HDX/TNT  with  q0  =  1.717  g/cm3 


TABLE  I 

Numerical  Examples 


TNT 

COMPOSITION  B 

1 

2 

3 

4 

5 

6 

7 

8 

9 

i=r/r0 

Q 

g/cm3 

pxlO"10 

dyne/cm2 

u 

mm/gs 

v 

v  exp 

mm/gs 

a=2.67 

V 

mm/gs 

V 

(B  =  1.5) 
mm/gs 

Vexp 

mm/gs 

V 

(B=1.68) 

mm/gs 

1.000 

2.00 

15.00 

4.83 

0 

0 

0 

1.044 

1.52 

5.59 

5.84 

.66 

.52 

.68 

1.074 

1.39 

3.75 

6.04 

.74 

.63 

.82 

1.159 

1.14 

1.67 

6.31 

.88 

.82 

1.06 

(1.217) 

(1.02) 

(1.15) 

(6.38) 

(.92) 

.91 

1.17 

1.371 

.78 

.60 

6.48 

(1.13) 

1.03 

1.06 

(1.43) 

1.38 

1.538 

.62 

.40 

6.53 

1.20 

1.07 

1.18 

1.49 

1.51 

1.667 

.53 

.32 

6.55 

1.25 

1.11 

1.22 

1.53 

1.58 

1.883 

.41 

.20 

6.59 

1.30 

1.17 

1.28 

1.58 

1.66 

2.372 

.26 

.10 

6.64 

1.35 

1.23 

1.35 

1.66 

1.76 

3.060 

.15 

.05 

6.67 

(1.37) 

1.27 

1.40 

(1.68) 

1.82 

4.340 

.08 

.02 

6.70 

1.32 

1.55 

2.01 

5.680 

.04 

.01 

6.72 

1.35 

1.55 

2.01 

0 

0 

8.914 

34.74 

(o  =  2.34)  in  the  standard  cylinder.  Column  9 
gives  V  calculated  from  Equation  (33)  for  B  = 
1 .68.  This  illustrates  the  fact  that  Equation  (33) 
can  be  applied  to  other  explosive  loadings. 

Plate  Struck  Side-On 

Now  let  us  apply  Taylor’s  modei  to  a  planar 
rather  than  a  cylindrical  geometry.  The  situa¬ 
tion  is  similar  to  that  in  Figure  2  except  that 
we  will  use  the  Cartesian  coordinate  y  instead 
of  r,  so  tan  $  =  dy/dx.  We  will  allow  the  metal 
plate  >  have*  different  thicknesses  h,  and  hu. 
We  w, .  let  the  thickness  of  the  explosive  sheet 
be  W0  =  2 yn.  The  mass  per  unit  area  of  each 
metai  plate  will  be  designated  by  M,  =  eMihj 
with  i  =  0,  1  where  we  allow  the  plates  to  have 
different  densities  <?M|  as  well  as  different 
thicknesses.  Equation  (4)  is  now  replaced  by 


M,D2 


We  multiply  each  side  of  this  equation  by 
2dy/(MjD2)  =  2  tan  $  dx/(MjD2)  and  obtain 

2  sin$  d<j>  =  ^  pdy  ,  (38) 

M;D2 

where  the  left  side  is  readily  integrated  as  in 
Equation  (6).  Equations  (7)  and  (8)  will  have  V 
instead  of  Vr  but  are  otherwise  unchanged. 
Equation  (10)  is  replaced  by  e0Dy0  =  guy  and 
Equation  (11)  by  Equation  (26)  which  we  have 
already  discussed.  Equations  (13)  through  (16) 
are  unchanged,  so  the  analog  of  Equation  (17)  is 


=  _JL.  I  _2_  +  u-Dl  (39) 

a;D  1  gu  J 


..  !<  [?! 


(U7> 
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=  4  sin2  (4*/2)  ~  tan2  j  =  (V/D)2 

where  a;  =  Mj/(2yo(?0)  =  M,/C  and  C  is  the  ex¬ 
plosive  mass  per  unit  area.  We  have  not 


repeated  several  steps  here  since  they  are  the 
same  as  before.  The  analog  of  Equation  (19)  is 

x  =  fy  dy/tan  <}>  (40) 

y0 

Now  let  us  simplify  this  model.  Since 
u=D(g0y0)  /  (py)  while  in  Equation  (1)  Q—Q0l{ft) 
where  t  —  y/y0  and  f=u/D,  we  can  write  the 
analog  of  Equation  (29) 

=  [  Beo2/(Df3)  ]  /i2  =  UB/(2  ,  (41) 

QU 


where  UB  has  the  same  form  as  in  Equation 
(29). 

Now  let  us  approximate  u  by  the  formula 


(42) 


which  is  the  analog  of  Equation  (30).  Here  the 
inverse  powers  of  t  are  n  and  2n  with  n=l,  just 
as  they  were  in  Equation  (30)  with  n=2.  The 
spherical  analog  might  consist  of  a  disk-shaped 
detonation  front  rotating  about  a  radius,  a  con¬ 
figuration  very  difficult  to  realize  experimental¬ 
ly.  If  we  use  Equation  (42)  in  guy  =  e0Dy0,  we 
find 


e=<?0D/ 


(43) 


Next,  let  us  put  Equations  (41)  and  (42)  in 
Equation  (39)  and  require  V  -  0  for  <  =  1.  giv¬ 
ing  Equation  (32)  again.  Equation  (39)  becomes 


V=C"rM  V  |_B_|  |,_  ij  (44) 


which  is  the  analog  of  Equation  (33)  with  n  =  1 
replacing  n=2  as  the  coefficient  of  B  and  the 
inverse  power  of  i. 


(40)  with  f  constant  to  find  the  x,  y  path  of  a 
plate  element  in  laboratory  coordinates.  Use  of 
Equation  (45)  then  gives  X(t). 
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THE  MOTION  OF  THIN  METAL  WALLS  AND  THE 
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This  paper  reports  dynamic  high  resolution  measurements  made 
using  metal  cylinders  and  flat  plates  accelerated  by  explosives  to 
determine  detonation  product  behavior.  By  using  both  thin  walled 
cylinders  and  plates  and  by  utilizing  both  streak  camera  and  Fabry- 
Perot  velocimeter  techniques,  resolution  and  accuracy  greater  than 
previously  attained  was  achieved.  As  an  example,  results  forLX-14, 
an  explosive  containing  95%  HMX  and  5  %  polyurethane,  are  pre¬ 
sented  and  compared  to  results  of  hydrodynamic  calculations  carried 
out  with  an  accuracy  equivalent  to  the  experimental  resolution. 
Calculations  show  that  cylinder  test  measurements  sample  the  det¬ 
onation  product  equation  of  state  (EOS)  at  expansion  ratios  V/V0  > 
1.  Thin  flat  plates  aligned  in  the  plane  of  the  detonation  front  provide 
detailed  information  on  the  higher  compression  states  (Vqj  >  V/V0  < 
1.3).  The  results  of  this  study  confirm  earlier  work  with  respect  to  the 
pressure  derivatives.  The  results  require  that  (dlnP/dlnV)s  first  in¬ 
crease  as  the  products  expand  from  the  C-J  state. 


INTRODUCTION 

Accurate  experimental  measurements  of 
detonation  product  equations  of  state  are  need¬ 
ed  both  for  precision  applications  and  for  basic 
studies  of  product  behavior.  The  pressure  range 
of  interest  is  from  0.1  GPa  to  over  40  GPa  and 
a  temperature  range  form  1000  °K  and  4000  °K. 
Because  of  the  combination  of  high  temperature 
and  very  high  pressure,  static  pressure  meas¬ 
urement  techniques  cannot  be  used  to  measure 
the  equation  of  state  for  the  mixture  of  gases 
and  solids  produced  in  a  detonation.  For  this 
reason  dynamic  measurements  have  traditional¬ 
ly  been  used  to  evaiaute  detonation  product 
equations  of  state. 

Some  of  the  earliest  work  (1)  utilized  the 
dependence  of  detonation  velocity  on  loading 
density  A  technique  using  witness  materials 
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(2,3)  to  determine  pressure  at  the  detonation 
front  from  shock  impedance  relationships  is  still 
used  extensively.  We  have  previously  shown  (4) 
that  the  velocity  history  of  an  explosively  ex¬ 
panded  copper  cylinder  can  be  used  to  develop 
a  detonation  product  equation  of  state.  The 
earlier  work  was  limited  by  the  geometry  of  the 
test  and  the  resolution  of  our  rotating  mirror 
camera  (RMC)  measurement  techniques.  In  par¬ 
ticular,  there  were  large  uncertainties  in  the 
pressure  regime  above  10  GPa. 

In  order  to  obtain  more  precise  data  at  high 
pressures,  modifications  have  been  made  in  the 
cylinder  test  and  a  flat  plate  test  has  been 
developed.  Much  greater  accuracy  and  resolu¬ 
tion  can  now  be  obtained  by  using  Fabry-Perot 
velocimeters.(5)  We  have  also  made  modifica¬ 
tions  to  the  RMC  slit  measurement  technique 
and  have  compared  the  two  techniques. 

This  paper  describes  the  experimental  tech¬ 
niques  and  presents  results  obtained  for  the 
plastic  bonded  explosive  LX-14.  The  data  are 
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used  to  refine  the  LX- 14  detonation  product 
equation  of  state  previously  determined  from 
the  cylinder  test.  Modem  computer  capacity 
and  speed  permits  calculations  with  resolution 
comparable  to  the  experimental  measurements. 
Detailed  material  models  can  be  implemented 
to  study  both  the  explosive  and  the  witness 
materials.  We  will  use  hydrodynamic  calcula¬ 
tions  to  show  the  sensitivity  of  the  results  to 
changes  in  the  equation  of  state. 

EXPERIMENTAL 

LX- 14 

The  explosive  used  in  this  investigation  was 
LX-14  containing  95.5%  HMX  and  4.5%  estane 
5702-F1.  This  plastic  bonded  explosive  contains 
some  HMX  crystals  that  are  400  ^  or  larger  in 
diameter.  The  cylinder  experiments  and  most 
of  the  flat  plate  experiments  were  performed 
with  this  material  pressed  to  98.3  ±  0.3  percent 
of  theoretical  maximum  density. 

In  order  to  explore  particle  size  effects,  a 
special  fine  grained  version  of  LX-14  was  pre¬ 
pared  containing  HMX  crystals  with  diameters 
<  40  p.  This  formulation  was  used  in  some  of 
the  flat  plate  experiments. 

Cylinder  Experiments 

The  configuration  for  the  cylinder  test  has 
been  modified  for  the  work  described  here  as 
shown  in  Fig.  1.  Important  features  which  dif¬ 
fer  from  earlier  work  (4)  are  that  a  large  plane 
wave  booster  is  used  to  provide  an  initiation 
source  which  is  as  flat  and  as  nearly  normal  to 
the  tube  axis  as  possible.  The  pin  rings,  one  near 
each  end  of  the  cylinder,  are  used  to  determine 
detonation  velocity  but  are  also  indexed  so  as 
to  measure  any  tilt  in  the  detonation  wave. 

Most  of  the  previous  cylinder  tests  were  done 
with  1.00"  inside  diameter  copper  tubes  having 
.100"  thick  walls.  We  now  use  2.0011  inside 
diameter  tubes  with  0.100"  thick  walls.  This 
geometry  provides  twice  the  time  resolution  in 
monitoring  the  pressure  change  in  the  detona¬ 
tion  products. 

In  our  earlier  work  two  Model  75  streak 
cameras  were  used  to  measure  the  rate  of 
cylinder  expansion  by  observing  the  shadow  of 
the  back-lighted  cylinder  moving  across  the 
camera  slit.  A  Model  132  streak  camera  is  now 
also  used  to  monitor  cylinder  expansion.  This 


CYllNOCR  TEST  SIM  VIEW 


TM  VICW  CruUDC*  TEST 
CAMM  LAYOUT 


in  \  l 


Fig.  1.  Cylinder  experiment 

rotating  mirror  camera  is  run  over  three  times 
as  fast  as  the  Model  75  cameras  to  better 
resolve  the  initial  wall  motion. 

The  principal  modification  is  the  addition  of 
Fabry-Perot  velocimeters  to  measure  cylinder 
wall  velocities  directly.  The  two  velocimeters 
are  positioned  to  look  at  opposite  sides  of  the 
cylinder  at  a  position  close  to  the  same  area 
monitored  by  the  streak  cameras.  Comparison 
of  results  obtained  by  these  independent  techni¬ 
ques  provide  assurance  of  the  precision  and  ac¬ 
curacy  of  the  measurements. 

Flat  Plate  Experiments 

The  geometries  used  in  the  flat  plate  experi¬ 
ments  are  shown  in  Figs.  2a  and  2b.  An  electric 
gun  (6)  was  used  to  initiate  all  except  the 
100-mm  long  LX-14  charges.  These  charges 
were  initiated  with  a  P-040  lens  and  0.50"  of 
Comp.  B.  Both  initiation  systems  produce  flat 
wave  profiles  and  prompt  initiation  of  LX-14. 
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codes  are  comparable  to  the  experimental 
resolution.. A  series  of  HEMP  calculations  were 
run  to  determine  the  effect  of  varying  the  zon¬ 
ing  in  cylinder  test  calculations.  Resolution  to 
that  of  the  experiment  was  obtained  with 
0.02-cm  axial  and  0.01 1-cm  radial  zones  in  the 
copper  and  0.04-cm  axial  and  0.053-cm  radial 
zones  in  the  explosive.  This  zoning  was  used  for 
the  cylinder  test  2D  calculations  presented  in 
this  report. 

The  JWL  equation  of  state  (4)  for  the  detona¬ 
tion  products  was  used  in  the  hydrodynamic 
calculations  (Ea.  1). 


P  =  A  A  —  fg  WRiv  +  B(l-_fM 
V  RiV;  V  n-v/ 


-RoV 


r2v> 


+ 


coE 


(1) 


Fig.  2a.  Flat  plate  experiment  -  electric  gun 
initiation 
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where  V  =  relative  volume.  This  form  is  very 
flexible  and  permils  analytic  calculation  of  the 
pressure  and  energy.  The  important  results  are 
those  derived  from  comparisons  of  experiments 
and  calculations.  These  comparisons  reveal  the 
precision  to  which  one  can  determine  the  equa¬ 
tion  of  state  of  the  detonation  products.  To  this 
end  the  results  are  independent  of  the  form  of 
the  EOS. 

The  Gruneisen  equation  of  state  was  used  for 
copper  and  aluminum.  The  coefficients  used  in 
Eqs.  2  and  3  are  presented  in  Table  1. 

U8  =  C  +  S,Up  +  S2Up  +  S3Up  (2) 


P  = 


p.cvt'+t'-lv  -  |h»] 

[i-IS,-1)m-S2(-«L-)-S3(-H1-)] 


Fig.  2b.  Flat  plate  experiment  •  plane  wave  lens 
initiation 

CALCULATI  ON  A  L  METHODS 

The  hydrodynamic  analysis  of  the  cylinder  ex¬ 
periments  was  done  using  the  2D  Lagrangian 
code  HEMP  (7)  and  the  ID  Lagrangian  code 
KOVEC  (8)  was  used  for  the  flat  plate  ex¬ 
periments.  The  speed  and  memory  size  of  the 
Cray  computers  now  allow  fine  enough  zoning 
so  that  calculational  resolution  using  these 


-f  (y0+ap)e  (3) 

where  p  =  JL  —  1. 
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TABLE  1 

Gruneisen  Equation  of  State  Coefficients 


Y0  C  Sj  S2  S3  y0  a 

Copper 

Aluminum 

8.93  0.394  1.489  0.0  0.0  2.02  0.47 

2.703  0.524  1.40  0.0  0.0  1.97  0.48 

CYLINDER  TESTS 

Experimental  Results 

The  streak  camera  records  obtained  from  the 
cylinder  test  are  read  on  a  precision  comparator. 
A  computer  program  converts  film  coordinates 
into  actual  radius  (R)  at  the  slit  and  time,  fits 
the  data  and  calculates  the  wall  arrival  time  at 
specified  values  of  R  —  R0.  The  results  obtained 
for  LX-14  at  a  density  of  1.830  gm/cc  are 
presented  in  Table  2. 


Perot  mirror  spacing  and  the  light  wavelength. 
Light  reflected  from  a  target  moving  at  constant 
velocity,  though  Doppler  shifted,  will  give  a 
static  pattern.  Accelerating  the  target  will 
cause  the  reflected  beam  to  be  Doppler  shifted 
to  higher  frequencies  and  result  in  an  expanding 
pattern.  The  change  in  pattern  is  related  to  the 
change  in  velocity  by  the  expression: 


V(t)  = 


Ac  rPjW-P?.H 

4L  *-  D2  —  n2  J 

‘tL,  U20  JJ10 


(4) 


TABLE  2 

Radius-Time  History  of  Copper  Cylinder 
Expanded  by  LX-14 


50.8-mm  Diameter  LX-14 

2.725-mm  Thick  Copper  Wall 

R-R0  (mm) 

t  (psec) 

0 

0 

1.0 

1.01 

2.0 

1.78 

3.0 

2.42 

4.0 

3.02 

5.0 

3.56 

6.0 

4.10 

7.0 

4.60 

8.0 

5.10 

9.0 

5.58 

10.0 

6.07 

12.0 

7.02 

14.0 

7.94 

16,0 

8.85 

18.0 

9.73 

20.0 

10.62 

25.0 

12.80 

30.0 

14.92 

35.0 

17.01 

The  Fabry- Perot  velocimeter  system  consists 
of  a  cylindrical  lens,  a  Fabry-Perot  interferom¬ 
eter,  a  spherical  lens,  and  an  electronic  streak 
camera.  It  works  on  the  principle  of  recording 
the  position  vs.  time  of  Fabry-Perot  fringes  pro¬ 
duced  by  the  Doppler-shifting  of  the  reflected 
light  from  the  cylinder  wall.  The  fringes  are 
produced  by  virture  of  the  fact  that  the  Fabry- 
Perot  interferometer  will  pass  light  in  only 
select  discrete  angles  determined  by  the  Fabry- 


where  A  =  the  initial  beam  wavelength,  c  =  the 
velocity  of  light,  L  =  the  separation  of  the 
Fabry-Perot  mirrors,  D10  and  D2o  are  the  spac¬ 
ing  of  adjacent  pairs  of  lines  in  the  static  pat¬ 
tern,  and  Dj(t)  is  the  spacing  of  the  expanded 
pattern.  Should  the  velocity  excursion  exceed 
the  range  between  fringes,  m  is  the  number  of 
fringes  traversed. 

In  order  to  compare  the  cylinder  test  data 
from  the  Fabry-Perot  velocimeter  with  the 
radius/time  data  taken  from  the  rotating  mir¬ 
ror  streaking  camera  (RMC),  it  is  necessary  to 
make  two  adjustments,  one  in  amplitude,  the 
other  in  time.  These  adjustments  are  needed 
because  the  Fabry-Perot  and  the  RMC  are  ac¬ 
tually  measuring  two  very  different  quantities. 
The  RMC  measures  what  might  be  called  an 
"obscuration  rate.” 

Referring  to  Fig.  3  for  the  geometry,  the  slit 
velocity  can  be  written 

Vs  =  Vdtan0s  (5) 

where  Vs  is  the  velocity  as  measured  along  the 
slit  of  the  RMC,  Vd  is  the  detonation  velocity 
of  the  HE,  and  0S  is  the  local  angle  of  the 
cylinder  surface  relative  to  the  unperturbed  sur¬ 
face.  The  Fabry-Perot  measures  the  particle 
velocity  scaled  by  the  dot  product  of  the  parti¬ 
cle  direction  and  the  laser  beam  direction.  This 
can  be  written 

Vfp  =  Vpcos(0p  -  0L)  (6) 

where  V(p  is  the  velocity  as  measured  by  the 
Fabry-Perot,  Vp  is  the  magnitude  of  the  parti¬ 
cle  velocity,  0p  and  &L  are  the  angles  formed  by 
the  particle  trajectory  and  the  laser  with  the 
original  normal  to  the  cylinder  surface. 
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Fig.  3.  Vector  diagram  of  cylinder  test  wall 
motion 


0S  and  VP  are  related  through  the  hydro¬ 
dynamics  of  the  cylinder  shot.  Two  simplifying 
assumptions  make  it  possible  to  generate  an 
analytical  relation  between  them.  First,  that  the 
flow  is  self  similar,  second  that  the  particle  tra¬ 
jectories  are  adequately  approximated  by 
straight  lines.  The  second,  assumption  is  sup¬ 
ported  by  hydrodynamic  code  calculations. 
From  these  assumptions,  a  relation  between  Vg 
and  Vfp  can  be  generated  of  the  form: 


Vs(t)  =  AVfp(t+At) 


where: 


A 


COS(0p-0jJ 

COS0p 


(7) 


At  =  r(t)tan0L/Vd, 
and 

r(t)  =  /Vgirl'Jr 
o 


This  relation  has  been  tested  by  using  the 
HEMP  code  to  calculate  both  the  Fabry-Perot 
record  and  the  record  that  would  be  seen  by  the 
RMC.  The  transform  was  identical  to  the 
hydrodynamic  code  results. 

The  procedure  described  above  for  converting 
Fabry-Perot  velocity  measurements  to  veloc¬ 
ities  in  the  RMC  slit  plane  was  used  on  the 
LX- 14  experiments  in  which  the  radius/time 
histoiy  (Table  2)  was  measured  with  streak 
cameras.  The  average  for  the  two  experiments 
is  presented  in  Fig.  4  and  compared  to  the 
streak  camera  results  in  the  next  section. 


Fig.  4.  Fabry-Perot  determined  average  cylinder 
wall  velocity  from  two  LX-14  experiments 


Comparison  of  Fabry-Perot  and  RMC  Results 

Results  from  the  different  diagnostic  tech¬ 
niques  were  compared  in  two  ways,  to  examine 
reproducibility  from  experiment  to  experiment, 
and  to  examine  any  systematic  difference  be¬ 
tween  the  diagnostic  techniques.  Table  3  com¬ 
pares  wall  velocities  at  R  —  lt0  =  6.5  mm. 

TABLE  3 


Cylinder  Wall  Velocity  Comparison 


Exp. 

No. 

Density 

(gm/cc) 

D 

(mm/^sec) 

Average  Velocity  at 
R— R0  =  6.5  mm 

RMX 

F-P 

K520 

1.830 

8.79 

1.986 

1.980 

K521 

1.830 

8.80 

1.976 

2.000 

Streak  camera  radius/tin-e  data  has  to  be  dif¬ 
ferentiated  to  make  this  comparison.  Figure  5 
presents  the  difference  in  expanded  cylinder 
radius  as  a  function  of  time.  Fabry-Perot  velocity/ 
time  data  were  integrated  to  make  this  com¬ 
parison.  The  overall  uncertainty  in  velocity  is 
estimated  as  approximately  1/2%  resulting  in 
a  1  %  uncertainty  in  the  cylinder  wall  energy. 

Hydrodynamic  Calculations 

LX-14  cylinder  test  calculations  have  been 
done  using  four  different  equations  of  state 
(EOS)  for  the  detonation  products.  The  CJ 
parameters  and  EOS  constants  are  presented 
in  Table  4.  The  JWL  EOS  370A  is  based  on 
earlier  cylinder  test  data  and  an  estimated  P(y 
of  370  kbars.  The  JWL  EOS  336A  and  the 
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Fig.  5.  Difference  between  streak  cameras  and 
Fabry-Perot  velocimeters  in  cylinder  radius/time 
history  measurements  for  LX-14 

gamma  law  EOS  370G  were  used  to  illustrate 
the  sensitivity  of  the  calculated  results  to 
changes  in  EOS.  The  JWL  EOS  360A  is  the 
revised  EOS  for  LX-14  based  on  the  experimen¬ 
tal  results  presented  in  this  paper. 

Figure  6  represents  cylinder  wall  velocities  at 
early  expansions  calculated  with  equations  of 
state  having  of  370  kbars  and  PCJ  of  336 
kbars.  The  results  are  almost  identical  showing 
that  Pq  does  not  uniquely  determine  early  wall 
motion.  The  cylinder  results,  however,  are  sen¬ 
sitive  to  pressure  and  energy  changes  in  an  EOS 
at  relative  volumes  for  the  detonation  products 
greater  than  ~1.1.  The  flat  plate  test  described 
below  is  used  to  resolve  changes  in  an  EOS  at 
lower  relative  volumes. 

The  fractional  energy  change  in  the  detona¬ 
tion  products  during  expansion  corresponds 
closely  to  the  change  in  cylin  ler  wall  velocity 
squared.  Figure  7  presents  this  detonation  prod¬ 
uct  energy  change  for  various  equations  of  state 
relative  to  that  of  JWL  EOS  370A.  Delta  E  is 
defined  as: 

dE_(AE  EOS(x)-AE  EOS  370 A)  (8) 
AEEOS  370A 


TABLE  4 

CJ  Parameters  and  Equation  of  State 
Coefficients 


Label 

370A 

360A 

336A 

370G 

Parameters 

P 

.370 

.360 

.336 

.370  mb 

Qo 

1.835 

1.835 

1.835 

1.835  b/cm'3 

D 

.880 

.880 

.883 

.880  cm/sec 

E0 

.102 

.102 

.088 

.1005  mb 

r 

2.84 

2.947 

3.258 

2.84 

Coefficients 

A 

8.261 

11.65 

129.46 

•0- 

B 

.1724 

.5572 

1.693 

•0- 

C 

.01296 

.01844 

.00183 

.1303 

R1 

4.55 

5.4 

9.6 

4. 

R2 

1.32 

2.0 

2.5 

2. 

0) 

.38 

.45 

.1 

1.84 

Fig.  6.  Early  cylinder  motion  calculated  with 
Pa  —  370  kbar and  Pa  =  336  kbar  equations 
of  state  for  LX-14 
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Fig.  7.  The  relative  fractional  energy  change  in 
the  detonation  products  for  the  equations  of 
state  used  in  this  study 


The  revised  LX- 14  EOS  360 A  is  very  close  to 
EOS  370A  at  all  expansions  and  they  both 
match  the  experimental  cylinder  data  within  ex¬ 
perimental  error  as  shown  in  Fig.  8.  (EOS  360A 
was  chosen  over  that  previously  used  because 
it  is  more  consistent  with  the  flat  plate  data 
described  below.)  EOS  336A  matches  cylinder 
results  reasonably  well  at  early  expansions  but 
underestimates  cylinder  wall  velocities  at  larger 
expansions.  The  gamma  law  EOS  370G 
calculates  wall  velocities  higher  than  experi¬ 
ment  over  me  entire  range  of  expansion. 

FLAT  PLATE  TESTS 

Experimental  Results 

Nineteen  flat  plate  experiments  using  LX-14 
and  copper  were  performed  in  the  geometries 
depicted  in  Fig.  2.  They  were  grouped  into  five 
categories  characterized  by  the  ratio  of  the  cop¬ 
per  plate  thickness  to  LX-14  thickness.  See 
Table  5.  These  categories  tend  to  emphasize  dif¬ 
ferent  high  pressure  EOS  regimes. 


Fig.  8.  Comparison  of  cylinder  wall  velocities 
predicted  by  the  old  and  the  revised  equations 
of  state  with  LX-14  experimental  data 


TABLE  5 

Metal  to  Explosive  Ratios  for 
Flat  Plate  Experiments 


Length  Cu/ 
Length  LX-14 

No.  of 
Exps. 

Plate  Thickness  (mm) 

Minimum 

Maximum 

0.001 

3 

0.025 

0.025 

0.006 

5 

0.123 

0.257 

0.013 

1 

0.126 

0.126 

0.026 

9 

0.505 

2.502 

0.053 

1 

0.532 

0.532 

The  Fabry-Perot  records  for  these  experi¬ 
ments  were  reduced  to  velocity/time  histories 
in  a  manner  similar  to  that  used  in  the  cylinder 
test.  However,  a  particle  velocity  vector  correc¬ 
tion  was  not  necessary  since  the  plate  motion 
is  aligned  with  the  impinging  laser  light. 


619 


Detailed  velocity/time  histories  similar  to  that 
shown  in  Fig.  9  were  obtained  for  each  experi¬ 
ment  and  were  used  in  comparisons  with 
hydrodynamic  calculations.  In  order  to  sum¬ 
marize  the  results  for  this  report,  average 
velocities  for  various  stages  of  plate  accelera¬ 
tion  were  defined  as  shown  in  Fig.  9  and  are 
presented  in  Table  6.  Results  for  two  LX- 14  ex¬ 
periments  with  aluminum  plates  are  also 
presented  in  Table  6. 


0.  .4  .8  1.2  1.6  2.0  2.4 

Tim  l^uc) 


Fig.  9.  Typical  Fabry-Perot  velocity  results 
from  the  flate  plate  test  l The  average  velocities 
and  times  depicted  correspond  to  the  values 
listed  in  Table  3.) 


Examination  of  the  data  presented  in  Table  6 
shows  significant  scatter  in  early  time  velocities. 
Explosive  inhomogenities  due  to  the  presence 
of  large  HMX  crystals  were  considered  a  possi¬ 
ble  cause.  However,  the  four  experiments  done 
with  all  fine  grained  HMX  do  not  support  this 
conclusion.  Further  work  is  required  to  pinpoint 
the  cause  of  this  scatter  that  is  well  outside  the 
precision  of  the  Fabry-Perot  measurements. 

Hydrodynamic  Calculations 

The  detonation  produ  't  equations  of  state 
listed  in  Table  3  and  others  were  used  to  calcu¬ 
late  the  flat  plate  experiments.  Figures  10  and 
1 1  present  the  results  from  such  calculations 


for  a  typical  experiment.  In  the  flat  plate  test 
the  initial  plate  velocity  is  directly  related  to  the 
detonation  front  pressure.  As  can  be  seen  in  Fig. 
10,  a  gamma  law  EOS  and  a  JWL  EOS  with 
Pqj  of  370  kbars  give  the  same  initial  velocities. 
Subsequent  velocity  increments  are  substantially 
different,  however.  The  gamma  law  EOS  predicts 
velocities  higher  than  measured,  whereas  the  JWL 
EOS  is  in  close  agreement  with  this  experiment. 


Tim  i/tiic) 

Fig.  10.  Flat  plate  velocities  predicted  by  two 
equations  of  state  with  Pqj  —  370  kbars 


Figure  1 1  presents  results  for  two  JWL  equa¬ 
tions  of  state  with  different  detonation 
pressures.  Similar  comparisons  for  all  the  ex¬ 
periments  in  Table  6  lead  to  the  choice  of  360 
kbars  for  PCJ  and  the  use  of  EOS  360A  for  the 
comparisons  between  calculations  and  experi¬ 
ments  presented  in  the  Table. 

The  initial  plate  velocities  measured  for  the 
very  thin  0.025  mm  copper  plates  are  much 
higher  than  those  measured  for  thicker  plates. 
This  clearly  indicates  that  “von  Neumann 
spike”  effects  are  present.  Figure  12  compares 
experiment  to  calculations  done  with  and 
without  a  reactive  flow  model  using  the  JWL 
370A  EOS  for  the  products.  The  calculation  us¬ 
ing  a  reactive  flow  model  proposed  by  Tarver 
(9)  is  in  close  agreement  w'ith  the  experiment. 


TABLE  6 

Flat  Plate  Experimental  Results 


SHOT 

#9642 

#9643 

#9632 

#9495 

#9579 

#9526 

#9635 

#9636 

#9524 

Copper  Thickness  (mm) 

1 

MB 

— 

1 

.257 

.126 

LX-14  Length  (mm) 

1 

llJIa 

40.15c 

10.00 

XCi/XLX-14 

.0010 

.0061 

.0063 

.0064 

.0126 

~Ata  (psec) 

.01 

.05 

.05 

.10 

.05 

Vj  (mm/psec) 

2.43b 

2.49 

2.63 

2.10 

- 

2.20 

2.24 

2.05 

2.11 

+  10.5%)  (+13.5%)  (+19.5%) 

(-2.5%) 

(+2%) 

(+3.5%) 

(-5%) 

(-2%) 

V2  (mm/psec) 

3.56 

3.60 

3.66 

3.16 

3.17 

3.22 

3.36 

3.20 

3.11 

(+5%) 

(+6%) 

(+7.5%) 

(-5%) 

(-4.5%) 

(-3%) 

(+1.0%) 

(-3.5%) 

(-4.5%) 

V3  (mm/p sec) 

4.24 

4.22 

4.28 

3.85 

3.83 

3.83 

4.00 

3.88 

3.72 

(+2.5%) 

(+2.5%) 

(+3.5%) 

(-4%) 

(-4.5%) 

(-4.5%) 

(0%) 

(-3.5%) 

(-3.5%) 

V4  (mm/psec) 

4.68 

4.64 

(+1.5%) 

(+.5%) 

VL  (mm/psec) 

5.60 

5.48 

5.86 

5.50 

5.37 

5.31 

(-1.5%) 

(-.5%) 

(0%) 

(+2%) 

(-.5%) 

|— .5%) 

tL  (psec) 

.08 

.076 

1.0 

1.0 

1.0 

1.0 

SHOT 

#BPI 

#BP2 

#9578 

#9577 

#9834 

#9633 

#9527 

#BP5 

#BP6 

#9528 

Copper  Thickness  (mm) 

2.502 

2.520 

1 

.526 

.530 

2.530 

2.530 

.532 

LX-14  Length  (mm) 

101.61 

101.60 

19.95<c) 

20.00 

92.02 

91.07 

10.01 

XciAlX-M 

.0246 

.0248 

.0251 

.0265 

.0265 

.0265 

.0275 

0532 

~At,al  (psec) 

1.00 

1.00 

.20 

.20 

.20 

1.00 

1.00 

.20 

V,  (mm/psec) 

2.14<b> 

2.17 

2.02 

2.22 

2.12 

2.12 

2.11 

2.11 

2.15 

2.03 

(  +  1%) 

(+2.5%) 

(-4%) 

(+6%) 

(+1.5%) 

(+1.5%) 

(  +  1%) 

(-.5%) 

(  +  1.5%) 

(+1%) 

V2  (mm/psec) 

3.08 

3.16 

3.04 

3.09 

3.07 

3.03 

3.03 

3.06 

3.06 

2.79 

(+.5%) 

(+3%) 

(-1%) 

(  +  1%) 

(+1%) 

(-.5%) 

(-.5%) 

(+.5%) 

(+.5%) 

(+1%) 

V;j  (mm/psec) 

3.60 

3.67 

3.62 

3.60 

3.55 

3.50 

3.57 

3.55 

3.57 

3.11 

(+1%) 

(+3%) 

(+2%) 

(  +  1.5%) 

(1%) 

(-.5%) 

(+1.5%) 

(+.5%) 

(+1%) 

(  +  1.5%) 

(mm/psec) 

4.42 

4.43 

■ 

4.35 

4.35 

3.42 

(+2%) 

(+2%) 

(  +  1.5%) 

(+2%) 

(+1%) 

2.0 

2.0 

2.0 

2.0 

2.0 

1.4 

SHOT 

#9586 

#9587 

Aluminum  Thickness  (mm) 

.5 

15 

LX-14  length  (mm) 

20.23 

XA1;XIX14 

.0255 

~At,a)  (psec) 

.17 

V.,  (mm/psec) 

4.79 

4.65 

(+1.5%) 

(-1.5%) 

V.j  (mm/psec) 

5.22 

5  10 

(+1.5%) 

(-1%) 

V|  (mm/psec) 

5.87 

5.82 

(+1%) 

(0%) 

tg  (psec) 

1.5 

1.5 

a  See  Fig.  9  for  definition  of  t  and  V 
b  Numbers  in  ( )  are  differences  of  experimental 
velocities  and  those  calculated  with  LX- 14 
EOS  #360A. 

c  Special  formulation  with  small  particle  size 
HMX. 
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without  a  reactive  model.  Experiments  with 
plates  about  0.1  to  0.2-mm  thick  have  early 
velocities  considerably  less  than  those 
calculated.  If  the  plate  is  thicker  than  about 
0.5-mm,  the  calculations  agree  fairly  closely 
with  experiment.  No  single  EOS  could  be  found 
(even  using  the  reactive  model)  which  would 
bring  the  results  from  all  three  regimes  into 
perfect  agreement.  This  is  strongly  indicative 
of  time-dependent  effects  taking  place  later 
than  those  normally  associated  with  the  LX-14 
reaction  zone.  Investigations  in  this  area  are 
continuing. 

Several  calculations  were  run  to  show  the  ef¬ 
fect  of  different  equations  of  state  on  plate 
velocity  for  both  a  thin  and  thick  copper  plate 
accelerated  by  30-mm  of  LX-14.  Figure  13 
0 .  .2  .4  .6  .8  shows  the  pressure  difference  for  the  two  equa¬ 
tion  |Mml  tions  0f  state,  EOS  370A  and  EOS  336A,  where: 


Fig.  11.  Differences  in  flat  plate  velocities 
predicted  by  Pqj  =  360  kbar  and  Pqj  ~  336 
kbar  equations  of  state 
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Fig.  12.  Initial  velocity  of  a  very  thin  copper 
plate  showed  the  effect  of  the  reaction  zone 


The  comparisons  of  experiment  with  calcula¬ 
tion  presented  in  Table  6  show  three  regimes. 
For  very  thin  plates  (0.025  mm)  the  effect  of  the 
reaction  zone  is  apparent.  The  measured  early 
velocities  are  higher  than  those  calculated 


dP  =  [P  EOS  336A]  -[P  EOS  370A)  (9) 


/ 
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Fig.  13.  Differences  in  pressure  at  small  relative 
volumes  for  Pqj  =  370  kbar  and  Pqj  —  336  kbar 
equations  of  state 

Figure  14  presents  the  results  for  the 
0. 1 27-mm  copper  plate.  The  initial  velocity  dif¬ 
ference  is  due  to  the  difference  in  Pqj.  The  later 
velocities  are  primarily  determined  by  the  differ¬ 
ences  in  pressure  below  a  relative  volume  ot  1. 1 . 

Figure  15  presents  the  calculations  for  the 
0.635-mm  plate.  This  plate  is  five  times  as  thick 


as  th  thin”  plate  discussed  above.  The  initial 
veloc  „y  difference  is  again  determined  by  the 
differences  in  PCJ.  The  velocity  difference  at 
later  times  however  decreases  because  in  this 
case  the  velocity  history  is  determined  by  the 
pressure  at  relative  volume  up  to  about  1.5. 

CONCLUSIONS 

Improvements  have  been  made  both  in  ex¬ 
perimental  techniques  and  in  our  hydrodynamic 
calculational  analysis  which  together  permit  a 
more  precise  determination  of  the  equation  of 
state  of  explosives.  Experiments  measuring  the 
early  expansion  data  of  the  products  of  LX- 14 
were  reproducible  to  within  4%  in  energy  while 
those  emphasizing  larger  expansions  were 
within  2%  in  energy.  The  empirical  detonation 
product  equation  of  state  thus  generated  is 
useful  both  for  designing  metal/explosive 
assemblies  and  as  a  check  on  ‘‘first  principle” 
equations  of  state. 

The  conventional  definition  of  Pc<)  was  used 
throughout  as  a  convenient  initial  condition  at 
the  shock  front.  We  have  considered  "von 
Neumann  spike"  phenomena  and  accounted  for 
the  effects.  We  have  not  treated  the  problem  of 
kinetic  effects  with  longer  time  scales  but  have 
certainly  not  ruled  out  such  effects.  An  "effec¬ 
tive"  shock  front  pressure  and  particle  velocity 


Fig  14  Differences  m  "thin  "  plate  i  elocities 
predicted  by  P(J=370  kbar  and  P(j336  kbar 
equations  of  state 


corresponding  to  Pgi  =  360  kbars  are  consistent 
with  the  experimental  results  described  here. 

If  the  products  are  treated  as  an  equilibrium 
mixture  of  gases  and  condensed  phases,  the  ex¬ 
pansion  described  here  is  the  proper  description. 
On  this  basis  our  results  show  that  the  isen- 
trope  index  T  =  ( 3 1  nP/  3 1  nV)s  region  of  Vc j  < 
V  <  1.1  in  order  to  match  the  experimental  data. 

There  is  a  small  but  clearly  discernible  dis¬ 
crepancy  between  the  “thin”  plate  and  “thick” 
plate  results  which  has  not  been  resolved  by 
varying  the  EOS.  Further  experimental  tests 
will  be  required  to  establish  the  exact  nature  of 
this  discrepancy.  Nevertheless  kinetic  effects 
beyond  the  “von  Neumann  spike”  must  be 
considered. 

We  believe  that  a  consistent  treatment  of 
longer  time  scale  (>0.1  ps)  kinetic  effects  such 
as  the  form,  'on  of  solid  carbon  following  the 
detonation  front  may  very  well  be  required  to 
explain  the  experimental  results  and  would  alter 
this  equilibrium  description. 
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Fig.  15.  Differences  in  "thick" plate  velocities 
predicted  by  Prj=370  kbar  and  P^j—330  kbar 
equation  of  state 
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DISCUSSION 

M.  HELD.  MBB  Apparate,  Germany 

How  do  you  correct  the  shock  wave  in  the  air; 
in  the  streak  record;  and  in  front  of  the  expand¬ 
ing  copper? 

REPLY  BY  E.  LEE 

The  correction  is  very  small,  so  that  we  nor¬ 
mally  ignore  it.  Tests  in  vacuum  and  compari¬ 


sons  with  the  Fabry-Perot  measurements  reveal 
that  the  magnitude  of  the  error  introduced  is  less 
than  1%  for  the  initial  velocity,  and  negligible 
for  larger  expansion. 

DISCUSSION 

DOUG  LIND,  Naval  Weapons  Center 

What  is  the  optimum  metal  to  use  for  these 
experiments? 

REPLY  BY  E.  LEE 

In  earlier  work,  in  addition  to  cooper,  we  per¬ 
formed  tests  using  aluminum,  tantalium,  nickel 
and  lead.  Copper  and  aluminum  tubes  were  the 
most  fracture  resistant,  yielding  reliable  records 
at  large  expansion.  Copper  was  chosen  primarily 
to  take  advantage  of  its  low  sound  speed  and  (for 
our  purposes)  higher  density.  Tantalum  is  more 
spall  resistant  than  copper  and  thus  makes  a  bet¬ 
ter  choice  for  thick-walled  tests.  Of  course  tanta¬ 
lum  is  very  expensive  and  more  difficult  to 
fabricate. 

DISCUSSION 

GERALD  KERLEY,  Sandia  National 
Laboratory,  Albuquerque 

How  much  information  do  the  cylinder  tests 
provide  for  calibrating  the  linear  terms  in  JWL? 
Francis  Ree  has  predicted  isentropes  that  agree 
with  JWL  for  pressures  above  a  few  kbar  but 
deviate  at  lower  pressures.  When  his  EOS  is  used 
in  hydro  simulations,  do  the  predictions  agree 
reasonably  with  the  experiments? 

REPLY  BY  E.  LEE 

I  assume  you  are  referring  to  the  last  term  in 
the  EOS,  “J?  ,  or  ^  in  the  isentrope.  The 

V  V"  * ' 

late  expansion  in  the  cylinder  test  contrains  the 
behavior  of  o>  if  E0  is  fixed  by  thermo  chemical 
information.  The  test  will  reveal  pressure  dif¬ 
ferences  at  pressures  as  low  as  .5kb. 

For  the  special  explosive,  PETN,  we  have  not 
run  the  cylinder  test  calculations  for  F.  Ree's 
EOS,  however,  the  pressure  differences  lead  us 
to  believe  the  results  would  be  somewhat  outside 
experimental  error  at  large  expansion. 

We  have  examined  F.  Ree's  EOS  for  LX- 14  in 
cylinder  test  calculations.  They  are  too  low  in 
energy  to  calculate  the  initial  velocities. 
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The  influence  of  the  sample  transverse  dimensions  on  the  results  of 
a  sy metrical  double  lateral  driving  test  is  analysed.  This  test  is  ap¬ 
plied  to  four  cast-cured  PBX.  The  results  are  compared  as  regards 
the  various  geometries  and  the  subsequent  ballistic  classifications 
are  related  to  the  result  obtained  with  a  studied  shaped  charge. 


INTRODUCTION 

In  many  warheads,  the  energy  that  is  released 
by  the  detonation  of  the  explosive  is  used  to  pro¬ 
pel  a  metal  liner.  The  energy  transfer  occuring 
between  the  detonation  products  and  the  liner 
defines  the  ballistic  performances  of  the  explo¬ 
sive  in  the  use  configuration  that  is  taken  into 
consideration.  Therefore,  the  research  and  the 
adjustment  of  explosive  compositions  having 
improved  ballistic  performances  are  based  on 
the  evaluation  possibilities  of  such  a  transfer. 
Generally,  this  evaluation  is  carried  out,  at  least 
as  a  first  step,  by  means  of  simple  tests  which 
involve  a  tangential  scanning  of  the  metal  liner 
by  the  detonation  wave. 

Among  these  tests,  the  so-called  ■‘ballistic 
capacity”  tests  are  the  most  frequently  used  in 
France  to  characterize  the  new  explosive  compo¬ 
sitions.  They  use  the  propulsion  of  plane  metal 
plates  by  parallelopipedic  explosive  slab  i:.  order 
to  determine  the  optimal  energy  transfer.  These 
tests  have  some  advantages  associated  to  the 
use  of  a  simple  geometry  for  the  samples.  More¬ 
over  they  do  not  require  a  precise  knowledge  of 
the  mechanical  behaviour  of  the  plates.  On  the 
other  hand,  they  have  the  disadvantage  to  be 
sensitive  to  rarefaction  waves  coming  from  the 
unconfined  sides  of  the  explosive,  and  particu¬ 
larly  those  coming  from  the  t.uges  of  the  sample. 

*YVork  performed  under  the  auspices  of  the 
French  Ministry  of  Defense  (STPK). 


That  means  that  the  results  should  depend  on 
the  conditions  of  the  experiment  and  on  the 
dimensions  taken  for  the  set  up  as  well.  Moreover, 
for  a  given  test  configuration,  the  disturbance 
coming  from  the  expansions  may  greatly  vary  ac¬ 
cording  to  the  considered  type  of  explosive.  In¬ 
deed,  for  some  compositions  of  thick  reaction 
zone,  the  expansions  when  occuring  too  early  or 
when  being  too  strong  may  well  lead  to  freeze  late 
chemical  reactions,  and  thus  still  more  noticeably 
influence  the  ballistic  performances. 

The  purpose  of  the  present  work  is  to  study 
the  influence  of  the  testing  conditions  on  the 
results  obtained  with  ballistic  capacity  tests  for 
various  explosive  compositions. 

DESCRIPTION  OF  THE  TESTS 

The  standard  test  to  measure  the  ballistic  per¬ 
formances  was  defined  by  M.  Defourneaux  and 
L.  Jacques  (1,2).  It  is  a  method  of  measuring  by 
means  of  flash  radiography  the  lateral  driving 
angle  of  a  metal  plate  Lhat  is  placed  on  the 
largest  side  of  a  parallelopipedic  explosive  sam¬ 
ple  initiated  on  its  smallest  side. 

Several  experiments  with  plates  of  different 
thicknesses  enable  to  determine  the  relationship 
between  the  lateral  driving  angle  cp  and  the 
metal/explosive  mass  ratio  p.  From  the  knowl¬ 
edge  of  this  relationship  and  of  the  detonation 
velocities,  the  values  of  kinetic  energy  E  trans¬ 
mitted  to  the  liner  may  be  approximated  with 
the  hypothesis  of  a  two-dimensional  and  steady 


flow  in  a  system  of  axes  associated  tc  the  detona¬ 
tion  front.  It  is  then  shown  that,  for  a  certain 
value  of  p,  the  transmitted  energy  goes  through 
a  maximum,  the  amplitude  of  which  measures, 
by  definition,  the  ballistic  capacity  (CBVj)  of  the 
considered  explosive. 

In  this  study,  the  standard  test  was  modified 
in  order  to  limit  the  expansions  coming  from  the 
unconfined  side  and  at  the  opposite  of  the  side 
where  tin  lateral  driving  is  observed.  The  modi¬ 
fication  consists  in  attacliing  on  this  side  a  metal 
plate  that  is  similar  to  the  existing  one,  thus 
leading  to  a  symetrical  sample  in  a  sandwich 
form.  In  that  last  configuration,  it  is  foreseen, 
in  theory,  that  if  the  lateral  driving  is  perfectly 
two-dimensional  and  steady,  the  E  (p)  function 
has  no  maximum  but  that  it  is  continual!}’  in¬ 
creasing  and  presenting  an  asymptote  when  p 
°°.  Indeed,  in  the  case  of  the  sandwich,  the 
presence  of  a  maximum  is  still  experimentally 
noticed:  its  existence  can  only  be  due  to  the  ef¬ 
fects  of  the  edges,  that  is  to  say  to  the  finished 
size  of  the  set  up.  Therefore,  in  order  to  quan¬ 
tify  this  influence,  t  he  dimensions  of  the  sample 
were  varied,  and  particularly  the  width  (L)  and 
the  thickness  (e)  of  the  explosive  slab. 

As  for  the  standard  test,  the  sandwich  is  ini¬ 
tiated  at  one  of  its  ends  by  a  liner  wave 
generator.  The  studied  explosive  thicknesses  are 
equal  to  10,  20  or  30  mm.  The  lineal'  plates  are 
made  of  mild  steel.  Their  thicknesses  are  bet¬ 
ween  1  and  8  mm.  Their  width  is  slightly  less 
than  that  of  the  explosive  slab  (L/Lp=  1.125). 
During  each  firing,  the  detonation  velocity  D  is 
measured  as  well  as  the  angle  tp  of  one  of  the 
two  metal  plates,  from  a  RX  negative  taken  at 
the  end  of  the  detonation  propagating  (see  Fig. 
1).  The  relationship  q>(p)  is  established  with  five 
to  six  experiments:  from  this  relationship  the 
transmitted  energy  is  calculated  with  the  follow¬ 
ing  formula: 

F=pe0D2[l~coscp  (p)j  |i) 

The  value  of  the  energy  maximum  (CBV.,)  is 
got  from  there;  it  is  characteristic  both  of  the 
composition  and  of  the  geometry  of  the  test. 

SELECTION  OF  COMPOSITIONS  TO  BE 
STUDIED 

Four  explosive  compositions  were  selected  for 
study;  they  were  likely  to  behave  differently  in 


Fig.  1.  Typical  radiograph  viewing  the  lateral 
driving  of  the  two  plates 


the  considered  test  type.  The  selected  substances 
are  curable  plastic  bonded  explosives;  their  com¬ 
positions  are  shown  in  Table  1. 


TABLE  1 


Explosive 

Components 

Composition 
(by  weight) 

Density 

(g/cmr) 

B  2112 

PETN/PU 

77/23 

1.190 

P  2100  B 

HMX/HTPB 

88/12 

1  700 

B  2171 

HMX/AP/Pb 

(NOj^PU 

•17/30/1112 

1.830 

B  2161 

1IMX/AP/A1/PU 

•1030/20/10 

1  860 

AP:  ammonium  perchlorate, 
PU:  polyurethane  binder. 


TABLE  2 

Detonation  Characteristics 
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Table  2  presents  the  measured  values  of  some 
of  their  detonation  characteristics.  The  reaction 
zone  lengths  a  were  assessed  with  the  Eyring 
method  from  detonation  velocities  measured  in 
cylindrical  cartridges  (see  Fig.  2)  of  various 


diameters.  It  can  be  noted  that  the  said  values 
are  consistent  with  the  measured  critical  dimen¬ 
sions.  The  pressure  P  is  measured,  in  an  indirect 
way,  by  chronometry  of  the  wave  induced  in  a 
PMMA  block.  The  value  D  00  of  the  ideal 
detonation  velocity  is  extrapolated  from  the 
curves  in  Figure  2. 


Fig.  2. 

ANALYSIS  OF  SANDWICH  TEST 

Figure  3  shows  the  energy  curves  obtained  for 
the  composition  B  2174  in  the  various  geom¬ 
etries  of  the  test.  The  expansions  by  the  edges 
totally  change  the  nature  of  the  system  as  they 
lead  to  a  maximum  of  the  energy  curve  whereas 
the  curve  is  increasing  up  to  an  asymptotic  value 
in  a  two-dimensional  system.  Therefore  the  sam¬ 
ple  dimensions  are  playing  an  essential  part  as 
regards  the  energy  transfer  between  the  ex¬ 
plosive  and  the  plate. 


A  '  '$  J  l  s 


Fig  .7 


When  making  the  sample  height  vary,  it  is 
noted  that  the  flow  is  steady  rather  soon,  from 
the  very  fact  of  using  a  linear  wave  generator 
at  the  initiation  end.  However,  the  flow  that  is 
established  is  directly  related  to  the  sample 
geometry  and  particularly  to  the  parameters  e 
and  1  (thickness  and  width).  An  increase  of  width 
leads  to  a  decrease  of  the  detonation  front  cur¬ 
vature  and,  from  this  very  fact,  to  an  increase 
of  the  area  that  is  not  affected  by  the  expansions 
behind  the  front.  On  the  other  hand  an  increase 
of  thickness  leads  to  an  increase  of  the  distance 
behind  the  front  that  is  necessary  to  create  an 
identical  driving,  for  a  given  p. 

If  indeed  the  width  stays  constant  in  this  last 
case,  the  area  that  is  not  affected  by  the  lateral 
expansions  is  about  the  same,  and  that  leads  to 
a  much  lower  output  in  the  energy  transfer. 
Therefore  the  energy  transmitted  to  a  metal 
plate  is  a  function  of  this  ratio  (-p)  although  the 
thickness  effect  is  probably  slightly  more  impor¬ 
tant  than  the  width  effect,  but  in  a  way  that  is 
difficult  to  quantify. 

ANALYTICAL  MODEL 

To  get  an  asymptote  for  the  function  E  (p),  in 
the  case  of  a  perfectly  two-dimensional  sandwich 
test,  the  relationship  between  1/cp2  and  p  must 
be  linear  when  p  Lends  to  infinity.  2D  computa¬ 
tions  sho- r  that  the  function  is  always  linear.  We 
thus  propose  the  following  formula: 

*  =b2+  ^  be p  (2) 

cp'“  3 

where  b  and  c  are  the  coefficients  of  the  Richter 
relation,  obtained  from  standard  test.  This  for¬ 
mula  takes  the  limiting  conditions  into  account 
in  the  case  of  an  unconfined  explosive  sample 
and  it  is  consistant  with  the  theoretical  asymp¬ 
totic  value  obtained  for  the  transferred  energy 
in  a  2D  sandwich  test  (3). 

1 

The  positive  curvature  of  the  relation  ~~t 
vs  p,  that  is  experimentally  obtained,  is  there¬ 
fore  only  due  to  an  edge  effect  (see  Fig.  4.). 

In  order  to  take  this  effect  into  account,  we 
propose  the  following  relation: 

■2=^%(1+V'>+v(.«.)V 

in  which  b,  c.  A(.  A2  depend  on  the  explosive. 
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The  kinetic  energy  of  a  plate,  referred  to  the 
explosive  unit  of  volume  can  then  be  expressed 
by  the  relation  E  (p),  which  gives  a  maximum 
value  of  energy  CBV2  such  as: 


■  Q°~--  =  -  bc+4b 
(CBV2)  3 


(4) 


linear  function  of  -fy  the  coefficients  of  which  de¬ 
pend  on  the  explosive. 

The  parameters  values  Aj  and  A2  are  inferred 
experimentally  from  the  concavity  of  the 
parabola  cp~2=f(p)  and  from  the  slope  of  the 
straight  line  mentioned  above. 

These  datas  are  given  for  composition  B  2174 
on  Fig.  4. 

A  comparison  between  y  bc  and  the  asymp¬ 
totic  value  of  -~-rin  the  two-dimensional  case, 
inferred  from  &periments  is  made  in  the  next 
paragraph  for  each  composition. 


•  i  «o  in  n)  m  'it 


Fig.  4.  Curves  l/qr  vs  \x  for  the  composition  B 
2174  m  different  sandwich  dimensions 

KBSl'LTS 

Figure  5  represents  the  values  of  the  volumic 
ballistic  coefficients  (CBV,)  of  the  tested  com¬ 
positions  vs  ratio  j  relative  to  the  geometry  of 
each  sandwich. 

The  experimental  points  obtained  with  the 
standard  test  (CBV,)  performed  in  its  standard 
dimensions  (i.e  90x20)  have  been  added  in  figure 
5  They  allow  to  establish  a  comparison  with  the 
results  supplied  by  the  various  sandwiches. 


Fig.  5. 


The  evolution  of  CBV2  vs  fj  is  hyperbolic,  as 
it  can  be  expected  from  the  model.  Moreover,  for 
a  same  composition,  the  test  geometry  has  a 
noticeable  influence  on  the  result.  Thus,  for  B 
2174,  the  configurations  going  from  y  =  .47  to 
f-  =  .056  entails  an  increase  of  70%  of  the 
transmitted  energy.  The  difference  of  perfor¬ 
mances  between  two  given  compositions  also 
very  much  depends  on  the  test  dimensions:  for 
compositions  P  2100  B  and  B  2174  it  goes  from 
+  15%  when 

j-  =.47  to  -3,  5%  when  j-=.056, 

which  in  this  case  corresponds  to  an  inversion 
in  the  classification. 

The  form  obtained  for  curves  CBV2  vs  j- 
shows  that  such  inversions  are  likely  to  occur  for 
other  geometries. 

The  value  of  CBV,,  which  represents  the 
rough  results  of  the  ballistic  capacity  test,  very 
much  depends,  by  definition,  on  the  detonation 
velocity. 

As  a  matter  of  fact,  the  critical  dimensions  of 
the  compositions  are  not  distant  in  the  same  way 
from  the  test  dimensions,  thus  creating  veloci¬ 
ty  variations  that  are  very  different  as  regards 
each  explosive.  Parameter  is  then  much 
more  representative  of  the  pfepelling  character 
of  these  substances.  Therefore  figure  6  shows  the 
curve  p0D2/CBV,  vs  [’  that  presents  the  ap¬ 
pearance  of  a  straight  line. 


Fig.  6. 

We  note  that: 

CBV 

-  B  2174  gives  values  of  that  are  much 
better  than  the  values  of  the  reference  P  2100 
B  and  this  in  every  geometry. 

-  B  2161  has  low  performances  compared  to  the 
three  other  ones;  this  comes  partly  from  the 
fact  that  some  test  geometries  are  too  near  its 
critical  dimensions. 

-  The  gradients  of  the  straight  lines  represent¬ 
ing  the  behaviour  of  these  last  two  composi¬ 
tions  are  higher  than  the  two  other  ones;  it.  ex¬ 
presses  a  higher  sensitivity  to  edge  effects. 
This  result  is  in  agreement  with  the  evalua¬ 
tions  that  were  previously  made  for  the  reac¬ 
tion  zone  lengths  and  it  confirms,  for  these  two 
compositions,  the  presence  of  chemical  reac¬ 
tions  behind  the  front  that  are  likely  to  release 
energy  in  view  of  the  propulsion. 

The  comparison  between  the  compositions  P 
2100  B  and  B  2174  clearly  indicates  the  propel¬ 
ling  character  due  to  Ammonium  Perchlorate. 


Moreover,  the  fact  that  the  composition  B  2161 
has  a  less  markedly  impulsive  character  comes 
from  the  granulometry  of  the  used  Ammonium 
Perchlorate  which  is  lower  on  the  average. 

The  various  results  are  not  exactly  superim¬ 
posing  for  a  same  ratio  e/L.  p0D2/CBV2  is  not 
actually  dependent  at  the  same  time  on  e  and 
on  L  in  a  similar  way:  the  double  dots  indicate 
that  the  thickness  effect  is  higher  than  the 
wideness  effect.  The  results  being,  however,  not 
much  different,  the  parameter  e/L  is  sufficient, 
in  the  considered  dimensions,  to  describe  the 
edge  effects.  On  the  other  hand,  the  extrapola¬ 
tion  of  the  curves  e/L  =  o  only  has  a  meaning 
for  e  »  ec  and  L  ~*co. 

The  ordinate  at  the  origin  of  the  straight  lines 
in  Figure  6  enables  to  determine  the  values  of 
the  ballistic  coefficients  without  edge  effect,  that 
is  to  say  the  asymptotic  values  E°°  of  the  curves 
E  (pi)  (see  Figure  3).  They  are  representing  the 
maximum  transferable  energy  in  this  test  type 
and  they  are  characteristic  of  the  considered 
compositions.  These  values  are  given  in  Table  3 
as  well  as  the  chemical  energies  that  are  infer¬ 
red  from  them  with  the  following  relations: 


where  W  is  the  velocity  of  the  particules  flow  at 
a  given  point. 

These  relations  are  the  expression  of  the  con¬ 
servation  of  total  enthalpy  and  of  impulse  when 
p  between  non-reacted  state  and  particules 
flow  to  infinity. 


TABLE  3 


COMPARISON  OF  THE  BALLISTIC 
CAPACITIES  WITH  PERFORMANCES 
IN  SHAPED  CHARGE 


The  four  compositions  were  tested  in  a  cylin¬ 
drical  and  slightlj'  confined  shaped  charge,  with 
90  mm  caliber  and  a  copper  conical  liner.  For 
each  composition,  five  shaped  charges  were 
fired  on  mild  steel  targets  that  were  placed  at 
a  distance  of  two  calibers.  The  obtained  results 
(expressed  in  average  perforation  depths  and 
hole  volumes)  are  given  in  Table  4  where  the 
four  compositions  are  classified  in  order  of 
decreasing  performance. 


TABLE  4 


Compositions 

Perforation  Depth 
(mm) 

Hole  Volume 
(cm3) 

P  2100  B 

455 

142 

B  2174 

■107 

117 

B  2112  |  403 

94 

B  2161  i  378 

1 

70 

For  the  same  compositions.  Table  5  gives  the 
values  of  the  volumic  ballistic  coefficients  that 
are  obtained  in  three  particular  configurations 
of  the  lateral  driving  test:  standard  lateral  driv¬ 
ing  (CBVj)  and  sandwiches  (CBV2)  correspon¬ 
ding  to  two  values  of  the  ratio  e/L. 


TABLE  5 


j 

i  Volumic  Ballistic  Coefficient  (J/ cm3) 

Compositions'  Standard  test  1  Sandwich 
(CBV,)  (CBVj) 

with  e  I.-  222  jwith  e  l.=  222 

Sandwich 

(CBV,) 

with  <vl.—  056 

I) 

2142 

1  435 

1  554 

1  983 

B 

2171 

1  691 

2  267 

2  847 

H 

216! 

-  t  -  . 

1  432 

i 

1  720 

1  897 

P 

2100 

B  2  000 

2  317 

2  749 

As  previously  indicated,  some  inversions  in 
the  classification  of  substances  are  noted,  and 
particularly  the  configurations  in  which  the  ex¬ 
pansions  are  less  occurmb  are  more  favouring 
the  long  reaction  zone  compositions. 


Finally  Table  6  classifies  the  substances  ac¬ 
cording  to  their  performances,  at  the  same  time 
in  the  considered  lateral  driving  tests  and  in 
shaped  charge.  The  classifications  obtained  in 
shaped  charge  is  identical  to  the  one  obtained 
in  standard  lateral  driving,  which  is  consistent 
with  the  low  confinement  of  the  utilized  charge. 

TABLE  6 


Classi¬ 

fication 

Shaped 

Charge 

Standard 

Test 

(C8V,) 

Sandwich 

(20x90) 

Sandwich 

(10x180) 

i 

P  2100  B 

!>  2)00  B 

P  2100  B 

13  2174 

o 

U  2174 

B  2174 

B  2174 

P  2100  B 

3 

13  2112 

B  2142 

B  2161 

B  2142 

\ 

B  2161 

n  2i6i 

13  2142 

11  2161 

CONCLUSIONS 

The  plane  lateral  driving  tests  can  differen¬ 
tiate  the  ballistic  behaviours  of  the  explosives. 
Particularly  the  sandwich  type  test  can  make 
obvious  the  propulsive  character  of  some  com¬ 
positions  having  a  relatively  long  reaction  zone. 
Although  the  transferable  maximum  energy  is 
very  dependent  on  the  adopted  geometry, 
several  tests  performed  in  different  dimensions 
supply  a  set  of  results  that  can  be  extrapolated 
up  to  e/L=0,  thus  leading  to  a  characteristic 
value  of  the  composition. 

However,  the  classifications  among  sub¬ 
stances,  that  can  be  inferred  from  these  tests, 
remain  very  much  related  to  the  utilized  config¬ 
uration  (importance  of  expansions  and  particu¬ 
larly  of  edge  effects).  To  select  a  composition 
in  order  to  use  it  in  a  weapon  system  would  in¬ 
volve  a  geometry  of  the  test  that  could  be  defin¬ 
ed,  such  as  the  expansion  rate  would  be  near  the 
one  that  occurs  in  the  actual  system.  General¬ 
ly  this  definition  can  only  be  qualitative.  It 
leads  to  prefer  standard  lateral  driving  tests  to 
take  slightly  confined  systems  into  account  and 
sandwich  type  configurations  in  all  cases  in 
which  the  system  may  favour  a  progressive 
release  of  energy. 
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MECHANICAL  PROPERTIES  OF  PBX’S  AND  THEIR  BEHAVIOUR 
DURING  DROP  WEIGHT  IMPACT 
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Experiments  are  described  an  the  deformation  and  ignition  behaviour 
of  a  range  of  explosives,  including  plastic  bonded  explosives  (PBX’s). 
An  instrumented  drop-weight  apparatus  was  used  to  obtain  stress- 
strain  curves  for  strain  rates  in  the  range  102  to  103  s~].  A  novel 
drop-weight  apparatus  with  transparent  anvils  allowed  high-speed 
photographic  recording  of  the  impact  and  ignition  processes.  Laser 
speckle,  used  in  conjujiction  with  a  specimen  loaded  in  the  Brazilian 
test  geometry  gave  tensile  strength  and  strain  to  failure  data  of 
PBX's.  Finally,  a  modified  Hopkinson  bar  apparatus  gave  data  at 
strain  rates  up  to  5  x  10‘1s~I 
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INTRODUCTION 

It  is  generally  accepted  that  explosive  initia¬ 
tion  is  thermal  in  origin.  In  processes  involving 
impact  or  shock,  the  mechanical  energy  is  en¬ 
visaged  as  being  converted  into  heat  in  local¬ 
ized  regions  called  “hot  spots"  (1,  2).  The  re¬ 
quired  “hot  spot”  radius  for  ignition  is  a  func¬ 
tion  of  the  explosive,  the  temperature  and  its 
duration  (3).  For  pentaerythritol  tetranitrate 
(PETN),  the  calculated  "hot  spot”  temperature 
for  a  time  of  1  ps  and  radius  1pm  is  ca.  700  K. 
Experimental  work  by  Bowden  and  Gurton  (4, 
5)  largely  confirmed  these  figures  and  showed 
that  “hot  spot"  radii  are  typically  0.1  to  10  pm 
for  initiation  by  friction  or  impact.  In  a  recent 
paper  (6)  we  have  discussed  the  ignition 
mechanisms  of  explosives  during  mechanical 
deformation.  Evidence  was  given  for  ignition  by 
adiabatic  heating  of  trapped  gas,  adiabatic 
shear  of  the  explosive,  friction,  viscous  flow, 
fracture  or  shear  of  added  particles  and 
triboluminescent  discharge. 

A  feature  of  our  work  on  the  relation  between 
mechanical  properties  and  explosive  behaviour 
has  been  the  use  of  high-speed  photography. 
The  advantage  of  the  photographic  evidence  is 
that  it  has  allowed  us  to  identify  the  conditions 
under  which  the  various  ignition  mechanisms 


operate  during  deformation  of  an  explosive. 

In  many  modern  applications,  explosive 
crystals  are  bonded  into  a  polymer  matrix  (so- 
called  PBX  explosives.)  It  is  important  with 
such  systems  to  understand  the  factors  which 
affect  their  mechanical  and  thermal  properties, 
their  sensitiveness  (response  to  a  prescribed 
stimulus)  and  their  explosiveness  (explosive 
response).  There  is  usually  a  conflict  between 
these  various  requirements  and  an  optimum  has 
i  be  sought.  The  present  paper  describes 
results  on  some  PBX  explosives  based  on 
cyclotetramethylene  tetranitramine  (HMX), 
and  gives  further  evidence  for  the  mechanisms 
of  “hot  spot”  formation  during  mechanical 
deformation. 

EXPERIMENTAL 

Experiments  have  been  carried  out  using  the 
drop-weight  machines  illustrated  in  Fig.  1.  The 
samples  used  are  5  to  7  mm  in  diameter  and  1 
mm  high  allowing  strain  rates  of  102  to  103  s~l 
to  be  obtained,  depending  on  the  drop-height  of 
the  weight.  Fig.  la  illustrates  the  system  which 
is  used  to  obtain  stress-strain  curves.  Strain 
gauges  attached  to  Rt  allow  the  force-time 
history  to  be  monitored.  The  area  of  deforming 
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Fig.  1(a).  Instrumented,  drop-weight:  W,  drop 
weight;  H,  Rl,  R2,  R3,  hardened  steel  rollers 
(The  sample  is  between  rollers  R2  and  R3.) 


Fig.  1(b).  Arrangement  at  instant  of  impact:  W, 
drop-weight  1 5.5  kg)  G,  glass  blocks;  M,  mirror; 
P,  prism;  S,  sample 

sample  is  determined  by  It2  and  R3  and  the 
sample  size  is  chosen  to  be,  initially,  slightly 
greater  than  this  area.  The  sample  area  under 
load  is  thus  constant  and  the  need  for  assump¬ 
tions  about  volume  conservation,  which  are  not 
always  valid  for  polymers  or  porous  matei  ials, 
is  eliminated.  Knowledge  of  the  mass  of  the 
weight  combined  with  a  double  integration  of 
the  force-time  data  produces  force-displacement 
information  which  is  then  converted  to  a  stress- 
strain  curve.  The  system  illustrated  in  Fig.  lb 
is  unusual  in  that  the  anvils  are  made  of 
toughened  glass  and  a  light  path  through  the 
system  allows  the  sample  to  be  photographed 
by  a  high  speed  camera  at  framing  rates  up  to 
2  x  105  f.p.s.  during  the  course  of  the  impact. 
The  sample  strain-rates  in  both  machines  are 
the  same  so  that  direct  comparisons  between 
the  photographic  records  and  the  stress-strain 
data  can  be  carried  out. 


The  third  system  used  in  this  research  was 
a  miniaturised  and  modified  Hopkinson  bar  ap¬ 
paratus  (7).  This  enabled  measurements  to  be 
made,  and  stress-strain  curves  determined,  at 
strain  rates  up  to  5  x  104  s-1.  The  samples  used 
in  these  experiments  are  4  mm  diameter  and  1 
mm  thick,  and  the  pressure  bar  has  a  diameter 
of  3  mm. 

Finally,  the  tensile  strengths  and  rupture 
strains  of  a  variety  of  PBX  compositions  were 
studied,  at  strain  rates  of  ca.  10-4  s-1,  using 
the  “Brazilian”  test  geometry  and  laser  speckle 

P 


Fig.  2.  Loading  arrangement  used  in  Brazilian 
test 

photography.  The  Brazilian  test  is  illustrated 
in  Fig.  2.  The  compression  induces  tensile 
stresses  normal  to  the  loading  axis  which  are 
sensibly  constant  over  a  region  about  the  cen¬ 
tre  of  a  specimen.  The  tensile  strength  of  the 
material  is  then  calculated  from 

ot  =  2P/nDt  (1) 

in  which  P  is  the  failure  load,  D  and  t  the 
diameter  and  thickness  of  the  specimen  respec¬ 
tively.  The  validity  of  equation  1  is  based  on 
the  assumptions  that  failure  occurs  at  the  point 
of  maximum  tensile  stress  (i.e.  at  the  centre), 
and  that  the  compressive  stress  has  no  influence 
on  the  failure.  In  practice,  the  use  of  plane  an¬ 
vils  can  produce  very  high  contact  stresses  at 
the  loading  points,  and  lead  to  the  collapse  of 
the  contact  edge.  Awaji  and  Sata  (8)  have  shown 
that  by  using  curved  anvils,  collapse  of  the  edge 
can  be  avoided,  and  shear  stresses  under  the 
points  of  loading  may  be  substantially  reduced. 
If  the  ratio  of  the  contact  half-width,  b,  to  the 
disc  radius,  It,  is  larger  than  approximately 
0.27,  the  maximum  principle  stresses  near  the 
contact  area  are  compressive.  Then  the  stresses 
near  the  centre  of  the  disc  control  the  fracture, 
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TABLE  1 

Tensile  Properties  of  PBX’s 


Code 

Binder 

%  binder 
by  weight 

Explosive 

%  strain  to 
failure 

Failure  stress / 
MPa,  b/R  =  0.45 

A 

2 

M 

0.95  ±0.06 

1.38±0.21 

B 

Polyurethane 

2 

A/M 

0.50±0.10 

1.20±0.09 

C 

(PU) 

6 

M 

0.98±0.05 

3.20±0.06 

D 

5 

A/M 

1.24±0.02 

1.06±0.08 

E 

2 

M 

ca.  0.06 

3.87±0.13 

F 

Polyethylene 

2 

A/M 

0.09±0.02 

0.89±0.07 

H 

(PE) 

5 

— 

A/M 

0.18±0.04 

0.83±0.13 

1 

4 

M 

0.24±0.03 

1.82±0.15 

J 

Viton 

4 

A/M 

0.32±0.06 

1.21±0.10 

K 

9 

M 

0.31  ±0.08 

1.97±0.03 

L 

9 

A/M 

0.41±0.02 

0.90±0.07 

PBX 

9502 

KEL-F  800 

5 

TATB 

0.23±0.01 

4.13±0.20 

I 

KEL-F  800 

5 

TATB  / 
HMX 

0.13±0.01 

1.97  ±0.10 

mm 

(PE) 

_ 

5 

M 

A-L  AVVRE  compositions;  PBX  9502  and  X  0344  Los  Alamos. 

M  Micronised  HMX  (to  pass  53  pm  sieve). 

A  Size  range  50-1000  pm,  median  diameter  ca.  400  pm  A/M  ratio  63/35. 

TATB/HMX  for  X  0344  in  ratio  71.25/23.75 

and  crt»jKing  occurs  at  the  centre,  at  a  max¬ 
imum  tensile  stress  given  by 

ot*  =  {1  -  (b/ll)2}  ot  (2) 

Other  workers  (9-11)  using  the  Brazilian  test 
geometry,  have  employed  displacement  trans¬ 
ducers  to  measure  the  average  tensile  strain 
across  a  diameter.  However  the  use  of  a  relative¬ 
ly  simple  optical  technique  called  “Speckle 
Photography,”  enables  one  to  measure  in-plane 
displacements  to  an  accuracy  of  ca.  0.1  pm  at  dif¬ 
ferent  positions  on  the  sample  surface,  and 
thereby  determine  the  strain  field  at  any  point 
(12,  13).  There  is  an  added  advantage  that  it  is 
a  remote  sensing  technique  which  does  not  in¬ 
volve  adding  gauges  to  the  sample.  For  displace 
ment  and  strain  measurements,  a  double  expo¬ 
sure  is  photographically  recorded  before  and 
after  deformation.  The  negative  then  consists  of 
two  identical  speckle  patterns  that  have  been 
translated  with  respect  to  each  other.  Displace¬ 
ment  information  can  be  extracted  in  a  point- 
wise  manner,  by  allowing  an  unexpanded  laser 


beam  to  pass  through  the  negative.  If  at  the 
point  illuminated  by  the  beam,  the  “speckles” 
have  been  displaced  between  exposures,  the 
resulting  displacement  vector  is  manifested  by 
a  Young’s  fringe  pattern  observed  on  a  screen 
placed  at  the  far-field  Fraunhofer  diffraction 
plane.  The  displacement  vector  is  perpendicular 
to  the  fringe  orientation  and  the  magnitude  in¬ 
versely  proportional  to  the  fringe  spacing.  How¬ 
ever,  complete  analysis  involved  many  measure¬ 
ments,  and  the  procedure  becomes  tedious  when 
performed  manually.  For  this  reason  a  fully 
automatic  electro-optical  system  for  measuring 
the  displacement  field  from  a  double  exposure 
speckle  photograph  has  been  constructed  (14). 

RESULTS  AND  DISCUSSION 

Low  Strain  Rate  Data. 

Table  1  gives  information  on  the  PBX’s 
studied.  They  were  all  based  on  HMX  but  with 
different  binder  polymers.  The  amount  of  binder 


and  the  crystal  size  distributions  of  the  HMX 
were  varied.  Included  in  Table  1  are  the  results 
on  the  strain  to  failure  and  the  failure  stress  ob¬ 
tained  using  the  speckle  technique.  Various 
general  points  can  be  made;  (i)  micronised 
samples  are  stronger,  (ii)  the  more  polymer  the 
greater  the  strain  to  failure,  (iii)  PE  gives  the 
most  brittle  behaviour  (lowest  strain  to  failure) 
followed  by  Viton  and  PU,  (iv)  composition  C  had 
the  highest  combination  of  strength  and  strain 
to  failure. 

If  the  equivalent  flaw  size  “2c”  is  calculated 
for  /3-HMX  from  the  Griffiths  fracture  criterion, 
taking  the  results  given  in  Table  1,  it  turns  out 
the  flaw  size  required  for  the  fracture  of  crystals 
of  micronised  HMX  is  ca.  270  pm,  and  ca.  2.4 
mm  for  the  bi-model  size  distribution.  This  is 
assuming  that  for  /3-HMX  the  Young’s  Modulus, 
E,  equals  3.10  x  1010  Nm-2  and  the  stress  in¬ 
tensity  factor,  KIc,  equals  6.2  x  104  Nm-3/2  (15). 
These  flaw  sizes  are  clearly  much  larger  than  the 
crystals!  This  strongly  suggests  that  extensive 
crystal  fracture  in  these  composites  at  these 
stresses  is  unlikely,  unless  there  are  significant 
stress  concentrating  effects.  However  examina¬ 
tion  of  the  fracture  surfaces  of  composition  E 
containing  micronised  HMX,  using  scanning 
electron  inicrosopy,  has  revealed  clear  examples 
of  fractured  crystals.  An  example  is  showns  in 
Fig.  3,  in  which  the  mirror  images  of  the  frac¬ 
ture  surfaces  are  clearly  seen.  The  striations  on 
the  surface  of  the  crystals  are  permanent  twins. 
/3-HMX,  undergoes  elastic  twinning  at  low 
stresses,  which  convert  to  permanent  twins  at 
higher  stresses  (15).  When  a  twin  meets  a  surface 


Fig.  3.  Scanning  electron  micrographs  of  mirror 
failure  surfaces  of  a  composition  E  PBX  (The  fi¬ 
ll  MX  crystal  which  has  cleaved  shows  extensive 
twinning.) 


it  creates  a  small  but  sharp  step,  which  acts  as 
a  site  for  stress  concentrations  (16).  This  could 
explain  the  low  stresses  at  which  the  crystals 
fracture. 

High  Strain  Rate  Data 

Fig.  4  and  Table  2  summarise  results  on  the 
PU  compositions  from  the  high  rate  of  strain  ex¬ 
periments  (  =  1.6  x  104  s-2).  Note  that  the 
samples  with  micronised  HMX  exhibit  the 
highest  dynamic  strengths,  with  C  again  prov¬ 
ing  the  strongest.  Table  2  also  includes  F  of  I 
and  Labset  figures.  The  mien  -nized  samples  (A, 
C)  had  smaller  Labset  (explosiveness)  values  and 
this  was  also  found  with  other  binder  materials. 


Fig.  4.  Stress-strain  curves  for  compositions  A, 
B,  C,  D  at  a  strain  rate  of  1.6  x  10 1  s-/ 


TABLE  2 


Code 

Dynamic  strength 
(1.6x10'*  s"1)/MPa 

F  of  Ia 

Labsetb 

A 

125 

62 

185 

B 

80 

64 

812 

C 

145 

55 

58 

D_J 

85 

49 

232 

0  Figure  of  lnsensitiveness,  basal  on  a  drop-height  for 
RDX  of  80.  The  greater  the  figure  the  less  the  sen- 
sitivness  (AWRE  data). 


k  Labset  is  the  AWRE  test  for  explosiveness.  The 
greater  the  figure  the  greater  tire  explosive  response. 

Drop-weight  impact  on  PBX’s. 

The  overall  response  of  a  PBX  in  drop-weight 
impact  is  illustrated  by  Fig.  5a  which  shows  how 
stress  varies  with  time  for  a  mock  PBX.  The 
behaviour  can  be  divided  into  three  sections,  the 
first  peak  corresponds  to  brittle  failure  of  the 
sample  into  numerous  fragments,  this  Is  followed 


by  a  region  of  lower  stress  as  the  fragments  are 
compacted  and  finally  the  thin  layer  of  material 
is  pinched  between  the  anvils  giving  rise  to  the 
second  stress  peak.  If  a  thinner  sample  is  used, 
the  compaction  phase  is  shorter,  or  absent 
altogether,  as  in  Fig.  5b  where  brittle  failure  is 
evident  as  a  small  inflexion  of  the  leading  edge 
of  the  pulse. 

Knowledge  of  the  stress  and  strain  at  brittle 
failure  is  useful  in  interpreting  explosiveness 
data  since  reaction  often  propagates  into  unde¬ 
formed  material  which  is  consequently  dis¬ 
rupted.  In  our  own  work  where  sample  sizes  are 
small  (ca.  25mg)  initiation  occurs  during  the 
pinch  phase  so  that  processes  occuring  during 
brittle  failure  are  of  indirect  significance.  It  is 
important  to  realize  that  in  the  pinch  geometry 
the  sample  strength  is  higher  than  the  uniaxial 
yield  stress  of  the  material,  <y  This  is  due  to 
friction  at  the  anvils  which  resists  radial  flow  of 
the  sample.  Application  of  the  von  Mises  yield 
criterion  to  a  thin  layer  of  thickness  h  and 
diameter  d  compressed  between  rigid  plane  an¬ 
vils  gives  for  the  yield  pressure 

Pv  =  oy  { 1  +  (d/h3\/3  )  }  (3) 

Note  that  the  smaller  the  thickness  or  the 
greater  the  diameter,  the  higher  the  value  for  Py. 
The  existence  of  such  high  stresses,  which  may 
be  50G-1000  MPa  in  our  apparatus,  is  one  of  the 
factors  which  favours  initiation  in  the  pinch 
phase. 


Fig.  5.  Force  time  records  for  impact  at  I  m  s~! 
on  mock  PBX  samples  for  different  aspect  ratios, 
ia)  sample  diameter  6mm ,  height  2.5mm ;  lb) 
diameter  6mm,  height  15mm 

Another  important  factor  can  be  seen  in  high 


speed  photographs  of  the  impact.  Fig.  6  shows 
a  typical  case  where  the  sample  has  been  expand¬ 
ing  quite  slowly  (radial  velocity  ca  10  m  s-1  over 
a  period  of  200  pts  to  reach  the  stage  shown  in 
frame  1.  In  frame  2  the  radial  velocity  suddenly 
increased  to  the  order  of  100  m  s”1  and  this  is 
quickly  followed  by  ignition.  Note  that,  though 
ignition  occurs  after  rapid  flow,  rapid  flow  does 
not  necessarily  cause  ignition.  The  observation 
that  rapid  deformation  is  a  necessary  prerequisite 
for  ignition  supports  the  many  observations  of 
Kholevo  (17)  and  Afanas’ev  and  Bobolev  (18)  that 


Fig.  6.  Impact  on  a  sample  of  composition  B 
which  undergoes  rapid  flow  (2  and  3)  and  ignites 
(Extensive  breakup  with  the  production  of  inter¬ 
nal  surfaces  aids  reaction.  Interframe  times  2  to 
8,  7us.  Field  of  view  20  mm.) 
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the  prevention  of  flow  in  an  explosive  sample 
makes  the  sample  less  sensitive.  Further  sup¬ 
port  for  this  view  is  provided  by  the  stress-time 
traces  obtained  with  the  instrumented  drop- 
weight  machine. 

If  the  sample  radius  is  plotted  as  a  function 
of  time  (Fig.  7)  the  result  is  distinctive  not  only 
in  showing  rapid  flow  but  also  a  period  before 
this  in  which  little  or  no  flow  occurs.  This  is  at 
first  sight  surprising  given  the  excess  energy 
in  the  weight  but  can  be  explained  by  consider¬ 
ing  the  elastic  deformation  of  the  glass  anvils. 
An  elastic  analysis  of  the  anvils  considered  as 
elastic  half  spaces  shows  that  when  the 
specimen  thickness  is  reduced  to  160  ^m  on  the 
central  axis  sufficient  deformation  can  occur  at 
a  mean  pressure  of  800  MPa  to  give  contact  at 
the  rim  which  will  account  for  the  observations. 
The  pinch  geometry  is  therefore  more  complex 
with  glass  anvils  since  the  sample  is  trapped  in 
a  shallow  cavity,  adding  to  the  frictional 
restraint  in  preventing  radial  flow.  This  is  one 
reason  why  initiation  is  more  difficult  in  the 
glass  apparatus  than  with  steel  anvils  which 
have  a  higher  modulus. 

When  ignition  does  occur,  two  distinctive 
forms  of  behaviour  may  be  observed  and  these 
are  illustrated  in  Figs.  6  and  8.  Fig.  6  shows 
what  we  have  called  'local’  initiation  and  Fig. 
8  shows  ‘widespread’  initiation.  Evidence  from 
the  time  taken  to  reach  initiation  suggests  that 
local  initiation  is  the  preferred  mode  in  the  early 
stages  of  inif  act  while  the  sample  is  trapped  in 
the  shallow  cavity.  Since  the  confinement  is 


Fig  7  Radius  time  plot  for  composition  C  sam¬ 
ple  UA  expansion;  AB  plateau  region,  BC  rapid 
flow  B  corresponds  to  frame  1  in  Fig,  8 


Fig.  8.  Impact  on  a  sample  of  composition  C 
(The  sample  undergoes  rapid  flow  (frames  2  and 
3)  and  there  are  widespread  ignition  sites  (see 
text).  Inter-frame  times  2  to  6,  7  ps.  Field  of  view 
20mm.) 

good,  reaction  is  violent  and  produces  surface 
damage  in  the  toughened  glass.  The  high 
pressures  generated  in  the  bulk  of  the  explosive 
are  responsible  for  driving  cracks  through  the 
sample,  visible  in  frams  4  to  6  (Fig  6)  and  ex¬ 
posing  surfaces  for  reaction. 

If  the  sample  survives  the  confined  stage 
without  ignition,  then  ignition  can  occur  during 
rebound  of  the  weight.  A  new  condition  is 
created  which  is  very  favourable  for  rapid  flow 
since  the  constraint  of  the  cavity  is  removed 
and  simultaneously  elastic  energy  stored  in  the 
anvils  can  be  released,  on  a  microsecond  time 
scale,  to  drive  the  material  outwards.  Under 
these  conditions,  wide  spread  initiation  is 
favoured  and  appears  to  take  place  at  the  inter¬ 
face  between  the  explosive  and  glass  (see  frame 
4,  Fig.  8).  The  reaction  products  can  easily 
escape  along  the  interface  leaving  behind  many 
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particles  of  unreacted  explosive  (frame  6)  which 
then  bum  slowly  over  a  period  of  ca.  100  ps.  The 
reaction  is  less  violent  than  in  local  initiation 
and  leaves  little  or  no  damage  on  the  glass. 

There  does  not  seem  to  be  any  correlation  be¬ 
tween  the  mode  of  initiation  and  the  type  of 
composition  which  is  tested.  A  given  PBX  may 
exhibit  local  initiation  in  one  experiment  and 
widespread  initiation  in  another  which  implies 
that  the  initiation  mode  is  not  a  basic  property 
of  the  material  but  depends  critically  on  the 
mechanical  interaction  between  the  sample  and 
the  anvils.  Factors  which  may  affect  this  in¬ 
teraction  are  the  coefficient  of  sliding  friction, 
tilt  of  the  anvils  and  the  presence  of  flaws  in  the 
specimen. 

The  mechanisms  of  deformation  may  be  in¬ 
ferred  from  Fig.  9  which  shows  a  recovered  sam¬ 
ple  from  an  experiment  in  which  there  was  no 
event.  Markings  in  the  centre  give  evidence  of 
localised  shear.  If  conditions  near  the  shear 
bands  are  adiabatic  they  could  be  responsible 
for  ignition  (19,  20). 

The  formation  of  shear  bands  is  a  discrete  pro¬ 
cess  in  which  strength  is  lost  momentarily  and 
this  can  be  seen  in  the  stress  record  obtained 
from  the  instrumented  drop  weight  (Fig.  10). 
The  numerous  drops  in  stress  are  interpreted 
as  shear  band  formation  and  it  is  often  possible 


Fig.  9.  A  PBX  (composition  G)  impacted  from 
a  sub-critical  height  (Note  the  shear  band 
formation.) 


Fig.  10.  Force  time  curve  (lower  trace)  for  impact 
on  a  composition  B  PBX  (The  pressure  drops  are 
caused  by  shear  band  formation.) 


to  detect  ignition  simultaneously  through 
ionisation,  as  indicated  by  the  upper  trace  in  the 
figure.  The  mechanics  of  the  apparatus  dictate 
that  each  stress  drop  is  associated  with  an  in¬ 
crement  of  rapid  flow,  again  confirming  the  link 
with  initiation. 


Fig.  11.  Impact  on  a  25  mg  PETN  sample  from 
a  drop  height  of  1.3  (See  text  for  details,  but 
note  in  particular  the  shear  band  formation 
which  causes  ignition  and  the  transparency 
which  is  due  to  sintering  and  fusion.  Interframe 
times  0,  28,  49,  63,  77,  91,  105  112,  133  ns.  Field 
of  view  20mm.) 

Drop-weight  impact  on  pure  explosive. 

Earlier  work  on  pure  explosives  has  been 
discussed  in  (6,  21).  Further  evidence  that  shear 
band  formation  occurs  and  can  cause  ignition 
is  given  in  Figs.  11  and  12. 

Fig.  1 1  is  for  a  2b  mg  sample  of  PETN  im¬ 
pacted  from  1.3m.  At  first  the  sample  appears 
dark  since  it  is  viewed  in  silhouette.  In  frames 
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TABLE  3 


Compound 

Melting 

point/K 

Yield 

stress/MPa 

H50/m 

Rapid  Flow 

Ignition 

TNT 

35 1 

34a 

1.48b 

Noc 

No 

Picric  acid 

395 

53 

0.73 

No 

No 

Tetryl 

404 

53 

0.37 

No 

Yesd 

Nitrocellulose 

408 

— 

0.50 

No 

Yesd 

PETN 

414 

60 

0.13 

Yes 

Yes 

RDX 

474 

82 

0.28 

Yes 

Yes 

AP 

>493 

— 

KB 

Yes 

Yes 

HMX 

553 

125 

Yes 

Yes 

HNS 

588 

140 

1 

Yes 

Yes 

a.  All  the  yield  stress  values  have  been  taken  from  <  18)  except  for  HNS  (21). 

b.  Data  from  Lawrence  Livermore  Explosives  Handbook,  UCRL-52997  (1981) 

c.  The  experimental  observations  for  all  compounds  excluding  tetryl  and  HNS. 

d.  Reaction  fails  to  propagate. 


1  to  3  the  bulk  flow  is  at  a  low  velocity  of  ca. 
10  m  s-1  though  in  frame  3  a  small  amount  of 
material  is  ejected  as  high  speed  jets.  In  frame 
3  onwards  families  of  shear  bands  become  visi¬ 
ble.  The  transparency  is  associated  with  sinter¬ 
ing  and  fusion  of  the  sample  (6).  Rapid  bulk  flow 
at  ca.  125  m  s_1  commences  in  frame  4  and  ig¬ 
nition  in  frame  7.  Note  that  the  ignition  and  the 
initial  directions  of  propagation  are  controlled 
by  the  shear  bands.  Fig.  12  is  for  a  25  mg  sam¬ 
ple  of  PETN  impacted  from  1.3  m.  Shear  bands 
are  arrowed  in  frame  1  and  are  clearly 
associated  with  the  ignition. 


Fig.  12.  Impact  on  a  25mg  PETN  sample  from 
a  drop  height  of  1.3m  (Shear  bands  are  arrowed 
in  frame  1.  Interframe  times  0,  7.  14,  21  ps.  Field 
of  view  20mm.) 


Shear  band  formation  has  now  been  observed 
by  us  in  some  primary  explosives  (19)  PETN, 
RDX,  HMX,  and  some  PBX's.  Other  ignition 
mechanisms  which  can  occur  during  mechanical 
deformation  are  discussed  in  reference  (6). 

Mechanical  properties  and  behaviour  during 
drop-weight  impact. 

Recently  we  have  shown  that  the  higher  the 
yield  stress  of  a  pure  explosive  the  higher  its 
plastic  flow  velocity  in  the  drop-weight  test. 
Thus  although  with  a  strong  sample  the  onset 
of  irreversible  deformation  is  delayed  it  even¬ 
tually  develops  more  rapidly  when  stored  en¬ 
ergy  is  released.  This  means  that  the  likelihood 
of  ignition  during  the  conversion  of  mechanical 
energy  is  greater.  Table  3  illustrates  these 
results  and  explains  why  a  relatively  soft,  low 
melting  point  explosive  such  as  trinitrotoluene 
(TNT)  does  not  ignite  so  readily  in  the  drop- 
weight  test.  A  fuller  discussion  can  be  found  in 
Krishna  Mohan  and  Field  (21). 

CONCLUSIONS 

The  combination  of  techniques  used  in  this 
study  has  provided  valuable  information  on  the 
mechanical  and  ignition  behaviour  of  explosives. 
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DISCUSSION 

SPERO  NICOLAIDES,  U.S.  Army, 
ARDC,  Dover,  N.J. 

I  may  have  missed  something,  that  is  how  are 
you  defining  yield  strength  in  your  correlation 
of  it  with  initiation  —  are  you  using  yield 
strength  as  being  synonomous  with  elastic  limit 
and  considering  the  explosive  resilience,  or  its 
ability  to  store  elastic  energy  as  the  significant 
material  property  relating  to  the  explosives  in¬ 
itiation  susceptibility,  or  are  you  identifying 
yield  strength  as  a  peak  stress,  which  con¬ 
ceivably  has  work-hardening  incorporated  witliin 
it.  Can  you  clarify  this  for  me. 
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Table  3  has  yield  stress,  oy,  values.  These  are 
usually  measured  by  a  hardness  indentation 
method  and  would  be  the  flow  stress  after  work¬ 
hardening.  We  make  the  point  in  our  discussion 
that  the  higher  the  yield  stress  the  greater  the 
release  of  stored  energy  when  flow  commences, 
and  we  believe  this  can  affect  the  sensitiveness 
of  the  material.  In  the  case  of  impact  on  a  thin 
la^  •'r  of  explosive,  the  hydrostatic  stress  com¬ 
ponent  affects  the  yield  pressure  (see  our  equa¬ 
tion  3).  Flow  then  takes  place  at  a  value  Py 
which  is  greater  than  oy  and  a  corresponding¬ 
ly  greater  energy  is  released. 
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The  strain  rate  dependence  of  compaction  of  porous  columns  of  coarse 
HMX  has  been  assessed  quantitatively  from  stress  relaxation 
measurements  on  quasi-statically  ( s~!)  compacted  granular 
material.  Building  on  the  favorable  results  from  a  preliminary  in¬ 
vestigation  of  the  strain  rate  sensitivity  for  powdered  Teflon  7C  com¬ 
paction,  logarithmic  plots  of  intragranular  stress  versus  plastic  strain 
rate  were  obtained  for  coarse  HMX.  These  graphical  relationships 
were  extrapolated  to  predict  the  intragranular  stress  levels  which 
would  exist  in  the  porous  beds  at  strain  rates  characteristic  of 
dynamic  ( i~10:>  s~!)  compaction  experiments.  Estimates  were  com¬ 
pared  with  available  dynamic  measurements  by  another  NSWC  in¬ 
vestigator.  The  variation  of  sound  velocity  with  percent  theoretical 
maximum  density  was  computed  from  the  elastic  unloading  moduli 
of  the  porous  beds.  The  results  connected  favorably  with  available 
data  obtained  by  other  investigators.  Ultrasonic  sound  velocity 
measurements  were  attempted  on  numerous  recovered  HMX  com¬ 
paction  samples,  and  the  difficulties  encountered  are  discussed. 


INTRODUCTION 

It  is  now  well  known  that  considerable 
dynamic  compaction  occurs  in  the  deflagration- 
to-detonation  transition  (DDT)  process  in  high 
porosity  beds  of  energetic  materials  confined  in 
thick-walled  tubes  (e.g.,  Reference  1).  Conse¬ 
quently,  a  compaction  law  (stress  versus  per¬ 
cent  theoretical  maximum  density,  %TMD), 
representative  of  dynamic  conditions,  is  impor¬ 
tant  to  obtaining  a  quantitative  understanding 
of  DDT  experiments  and  to  the  development  of 
numerical  models  of  DDT.  Previously,  quasi¬ 
static  compaction  measurements  were  per¬ 
formed  because  much  useful  information  could 
be  obtained  quickly  with  a  relatively  simple  ex¬ 
perimental  set-up  (2-4).  Such  data  helped 
develop  a  physical  mode!  of  the  early  stages 


of  DDT  and  provided  a  first  formulation  of  a 
constitutive  equation  for  compaction  (5).  Dy¬ 
namic  compaction  studies  (5-7)  have  also  been 
performed  to  connect  directly  with  the  model¬ 
ing  effort  and  the  quasi-static  measurements. 
However,  complications  often  arise  due  to 
material  reaction  during  high  strain  rate  com¬ 
paction,  thus  precluding  dynamic  measure¬ 
ments  in  the  high  %TMD  range,  say  above  90% 
(8) 

I'o  begin  the  determination  of  a  strain  rate 
dependent  compaction  law,  the  behavior  of  a 
material  in  a  conventional  engineering  tensile 
test  is  considered.  A  general  expression  (9,10) 
of  the  form 


o£  T  =  (1) 


has  been  observed  to  be  valid  for  a  number  of 
metallic  systems  relating  flow  stress,  o,  at  a  con¬ 
stant  strain,  £,  and  temperature,  T,  to  strain  rate, 
£ ,  where  the  exponent  m  is  called  the  strain  rate 
sensitivity,  and  C  is  a  constant.  Lee  and  Hart  (11) 
have  successfully  analyzed  stress  relaxation  data 
on  two  metallic  materials,  tested  in  tension,  to 
yield  a—i  relationships  suitable  for  comparison 
with  the  behavior  described  by  Equation  (1). 


A  typical  stress  relaxation  experiment  (12)  in¬ 
volves  loading  a  sample  in  tension  (or  compres¬ 
sion)  to  a  given  applied  stress  level  using  some 
type  of  a  universal  testing  machine.  The  cross¬ 
head  of  the  machine  is  then  stopped  allowing 
the  applied  stress  to  be  measured  as  a  function 
of  time,  t,  at  constant  total  strain.  The  stress 
is  a  maximum  the  moment  the  crosshead  stops 
and  then  decreases  with  time  because  the 
plastic  strain  in  the  sample,  £pj,  increases  with 
time  due  to  creep,  thus  allowing  a  decrease  in 
elastic  strain.  £0|,  since  the  total  strain  is  con¬ 
stant.  A  decrease  in  elastic  strain  requires  that 
the  applied  stress  decrease  also. 


In  the  stress  relaxation  model  proposed  by 
Lee  and  Hart  (1 1),  a  sample  is  loaded  in  tension 
by  a  force,  F,  to  a  constant  strain.  The  sample 
length,  L,,  is  partitioned  into  an  elastic  length, 
F(t)/K,  and  a  plastic  length,  L(t).  The  elastic 
spring  constant  of  the  sample,  K,  allows  the 
elastic  length  to  be  specified  using  Hooke’s 
Law.  The  plastic  strain  rate  is  given  by 


t  (t)= L  ,t)  =  ~iMK 
pl  Lit)  L,  — F(t)/K 


(2) 


Descriptions  of  this  model  have  also  been  given 
by  Hart  (13)  and  by  Lee  and  Woodford  (14). 
Recently,  it  was  determined  that  this  analytic 
scheme  could  be  applied  to  stress  relaxation  in 
quasi-statically  compacted  porous  beds  of 
Teflon  7C  (model  inert  material)  (15). 


Following  the  development  of  Kuo,  Moore, 
and  Yang  (16),  the  so-called  intragranular  stress 
or  average  axial  compressive  force  per  unit 
radial  cross-sectional  area  of  the  solids  in  the 
porous  bed,  x,,  (in  contrast  to  the  applied  stress, 
oa)  is  representative  of  the  stress  level  actual¬ 
ly  in  the  bod.  It  is  defined  as 


T,!U  = 


0.6(FJ|t)+FA(t)) 

Ad-ivg! 


(3) 


where  Fa  is  the  applied  force,  Ft  is  the  transmit¬ 
ted  force,  A  is  the  cross-sectional  area  of  the 


bed,  and  <f>av?  is  the  average  fractional  porosi¬ 
ty.  The  plastic  strain  rate  defined  in  Equation 
(2)  must  be  modified  accordingly  for  stress 
relaxation  in  a  compacted  porous  bed  to  give 

-0.5  (Fa(t)+Ft(t» 

£pl(t>  =  - — - (4) 

T _ 0-5  (Fa(t)+Ft(t)) 


The  analysis  procedure  has  now  been  applied, 
with  several  important  improvements  in  ex¬ 
perimental  technique,  to  a  large  number  of 
quasi-static  compaction  experiments  performed 
on  coarse  cyclotetramethylenetetranitramino 
(HMX).  The  HMX  sr  iples  used  were  a  so- 
called  #20  sieve  cut  ( +  18,  —20)  and  production- 
grade  Class  D  HMX  (NSWC  designation  X980) 
that  was  used  in  generating  the  sieve  cut  (4). 
These  two  materials  have  nearly  the\  same 
average  particle  size  (925  and  870  pm,  respec¬ 
tively)  but  differ  appreciably  in  their  pa-tide 
size  distribution. 

The  purpose  of  the  work  was  to  assess  quan¬ 
titatively  the  strain  rate  behavior  of  porous  bed 
compaction  for  the  two  types  of  coarse  HMX 
over  a  broad  %TMD  range.  Of  particular  in,- 
terest  was  the  effect  of  particle  size  distribution. 
It  was  also  desired  to  compare  the  strain  rate 
sensitivity  of  coarse  HMX,  a  molecular 
crystalline  solid,  with  that  of  Teflon  7C  powder, 
a  crystalline  polymer.  First,  the  stress  relaxa¬ 
tion  experiments  (15)  on  Teflon  7C  will  be 
reviewed.  This  will  be  followed  by  a  more  de¬ 
tailed  description  of  current  experiments  on 
coarse  HMX.  Finally,  the  results  of  all  of  the 
experiments  will  be  discussed. 

EXPERIMENTAL  PROCEDURE  AND 
DATA  ANALYSIS 

Teflon  7C:  A  total  of  six  stress  relaxation  ex¬ 
periments  were  performed  (15)  involving  15  g 
samples  of  Teflon  7C  powder  (average  particle 
size,  3  =  30  pm)  loaded  at  a  constant  crosshead 
speed  of  2.54  mnvmin  using  a  Tinius  Olsen  Elec- 
tomatic  Universal  'lusting  Machine  (2-5, 15).  A 
single-acting  ram  and  mold  (2.54  cm  LD.) 
assembly  was  used  (2-5, 15)  where  the  mold  was 
rigidly  held,  allowing  the  vertical  frictional  force 
component  between  the  porous  bed  and  the  mold 
wall  to  be  determined.  Duplicate  experiments 
were  performed  at  about  81.5, 85,  and  92%  TMD, 
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and  a  compilation  of  information  on  these  exper¬ 
iments  is  given  in  Table  1.  The  compressibility 
of  individual  Teflon  7C  powder  particles  in  the 
compacted  bed  was  not  accounted  for  in  the 
%TMD  calculations.  During  each  relaxation 
run,  the  applied  and  transmitted  forces  were 
each  digitally  recorded.  The  time  derivatives  of 
both  forces  were  evaluated  numerically  to  allow 
computation  of  ^  as  given  by  Equation  (4). 
The  force  recordings  were  digitally  filtered  to 
reduce  noise  prior  to  calculating  the  derivative 
(17).  The  stress  relaxation  of  the  compaction  ap¬ 
paratus  (without  porous  bed  sample)  was  deter¬ 
mined  to  be  negligible. 

The  porous  bed  spring  constant  at  each 
%TMD  was  evaluated  (15)  using  a  separate, 
presumably  identical  sample.  This  simply  in¬ 
volved  numerically  determining  the  slope  of  the 
applied  force  curve  during  reloading  of  the  sam¬ 
ple  at  2.54  inm/'min  which  followed  after  having 
been  successively  compacted,  briefly  allowed  to 
stress  relax,  and  then  quickly  unloaded.  A  cor¬ 
rection  (18)  was  made  to  account  for  the  dis¬ 
placement  of  the  compaction  apparatus  (with¬ 
out  sample).  However,  total  displacement  meas¬ 
urements  were  not  made  directly.  Instead,  a 
constant  crosshead  speed  was  assumed,  and 
displacements  were  calculated  on  this  basis. 

Coarse  HMX:  Several  refinements  in  the  ex¬ 
perimental  procedure  were  made.  These  includ¬ 
ed  la)  using  a  deflectometer  to  measure  total 
displacement  directly  and  (b)  determining  the 
compaction  and  stress  relaxation  behavior  of 
the  same  sample,  together  with  an  evaluation 
of  its  spring  constant  by  subsequently 
unloading  the  sample,  once  adequate  stress 
relaxation  had  occurred.  Some  experiments  also 
involved  reloading  the  sample  at  constant 
crosshead  speed  to  provide  a  check  on  the 
unloading  data. 

Simultaneous  applied  force,  transmitted 
force,  and  porous  bed  displacement  measure¬ 
ments  were  obtained  digitally  while  each  HMX 
sample  was  compacted  remotely  to  stops  using 
a  Farquhar  (2670  kN  capacity)  hydraulic  press 
(4).  The  crosshead  speed  on  loading  was  18.8 
cm/min.  However,  deceleration  occurred  as  the 
top  press  platen  encountered  the  stops.  For 
each  experiment,  a  15  g  sample  of  HMX  was 
used.  A  compilation  of  information  on  the 


experiments  appears  in  Tables  2  and  3  for  # 20 
sieve  cut  and  Class  D  HMX,  respectively.  The 
%TMD  calculations  are  based  on  an  ambient 
pressure  crystal  density  of  1.903  g/cm3  as 
determined  by  Olinger,  Roof,  and  Cady  (19).  As 
such,  the  compressibility  of  individual  HMX 
crystals  in  the  compacted  bed  has  been  ignored. 
A  few  #20  sieve  cut  HMX  samples  were  com¬ 
pacted  non-remotely  to  low  applied  stress  levels 
using  the  Tinius  Olsen  machine  operating  at  the 
same  crosshead  speed.  This  series  of  ex¬ 
periments  revealed  (4)  that  widespread  fracture 
of  particles  occurred  at  very  low  applied  stress 
(at  least  as  low  as  1.1  MPa).  The  stress  relaxa¬ 
tion  of  the  compaction  apparatus  (without  sam¬ 
ple)  in  the  hydraulic  press  was  determined  to  be 
quite  small  and  was  ignored. 

Figure  1  is  an  analog  plot  of  the  applied  force 
and  porous  bed  displacement  traces  as  a  func¬ 
tion  of  time  for  a  typical  experiment  (HMX-23). 
The  sample  unloading  was  complicated  by  fric¬ 
tion  between  the  porous  bed  and  the  mold  wall 
which  caused  the  bed  displacement  to  lag  beliind 
the  force  (i.e.,  had  the  appearance  of  an  elastic 
aftereffect  (20)).  This  required  the  use  of  the  end 
points  of  the  applied  force  and  sample  displace¬ 
ment  traces  to  compute  an  effective  unloading 
elastic  spring  constant.  Determining  the  spring 
constant  from  the  reloading  traces  was  also 
complicated  since  there  were  very  few  (usually 
about  6)  data  points  defining  the  linear  portion 
of  the  curve.  Thus,  it  was  not  clear  that  the 
linear  region  was  well  established  in  each  case. 
Corrections  were  made  to  account  for  the  spring 
constant  of  the  compaction  apparatus  (without 
sample/  and  for  the  friction  between  the  porous 
bed  and  the  mold  wall.  The  effect  of  friction  was 
dealt  with  by  using  the  slope  of  the  highly  linear 
Ft  -  Fa  plot  measured  (4)  on  loading,  where  the 
very  small  intercept  value  was  neglected.  When 
appropriate,  the  radial  expansion  of  the  mold 
was  calculated  in  the  standard  manner  (21), 
assuming  uniform  internal  radial  pressure  and 
externally  balanced  longitudinal  pressure,  and 
this  was  also  included  in  the  determination  of 
the  spring  constant  of  the  sample. 

Sound  Speed:  Once  corrected,  the  elastic 
spring  constant,  K.  was  converted  to  a  modulus, 
M,  using 

M  =  K/  •  (5) 

A 


TABLE  1 

Teflon  7C  Experiments 


lal  %TMD  CALCULATED  USING  AN  AMBIENT  PRESSURE  CRYSTAL  DENSITY  OF  2.305  g/cm3  (2). 

Ibl  T,  =  C£pl">. 

Icl  SPRING  CONSTANTS  WERE  MEASURED  ON  SEPARATE.  ESSENTIALLY  IDENTICAL  SAMPLES. 


TABLE  2 

H20  Sieve  Cut  HMX  Experiments 
(a)  First  sampling4  _ 


EXPERIMENT 

# 

INITIAL 

%TMDial 

MAXIMUM 

%TMD,al 

MAX  oa,  MPa  Ipsi) 

C<b»MPa 

m*bi 

K^,  kN/mm 

Mud  MPa 

Vj  (UL),  mis 

HMX- 1 

57.7 

74.5 

5.60  (813) 

7.00 

0.038 

6.34 

263 

431 

2 

57.5 

80.0 

10.9  (158^) 

13.0 

0.042 

13.7 

529 

590 

3 

56.5 

85.1 

24.7  (3590) 

29.0 

0.043 

34.2 

1240 

876 

4 

56.3 

85.1 

24.4  (3530) 

28.4 

0.041 

33.0 

1200 

860 

5 

56.4 

90.3 

62.9  (9130) 

66.5 

0.027 

113 

3880 

1500 

6 

56.9 

92.4 

92.3  (13400) 

93.9 

0.023 

154 

5130 

1710 

7 

57.0 

94.6 

143  (20800) 

137 

0.019 

231 

7510 

2040 

8 

56.3 

96.3 

201  (29100) 

189 

0.019 

316 

10100 

2350 

9 

55.9 

95.3 

235  (34000) 

221 

0.016 

364 

11700 

2540 

AVG 

»  56.7 

(b)  Second  sampling  (low  stress  experiments)-1 


EXPERIMENT 

a 

INITIAL 

%TMD|8» 

MAXIMUM 

%TMD,a! 

MAX  os,  MPa  (psi) 

Cb'.MPa 

mlbl 

Ky^.  kN/mm 

MUL,MPa 

V|IUL),  nvs 

HMX-  IX 

57.8 

81.2 

13.9  (2010) 

14.9,c) 

0.03 1<C» 

17.7 

675 

661 

2X 

56.2 

58.1 

1.01  (146) 

(c.d) 

(C.li) 

2.78 

148 

366 

3X 

56.0 

57.9 

.834  (121) 

(c.d) 

(c.d) 

2.56 

137 

353 

4X 

55.7 

58.5 

1.07  (1551 

(c.d) 

(c.d) 

1.94 

102 

304 

5X 

55.6 

63.1 

1.79  (259) 

2.63,cl 

0.054'c» 

2.73 

134 

334 

6X 

56.8 

70.4 

3.69  (535) 

(c.d) 

(c.d) 

5.16 

227 

412 

AVG 

-  56.4 

"<TMD  CALCULATED  USING  AN  AMBIENT  PRESSURE  CRYSTAL  DENSITY  OK  1  903  g/cm3  (19). 

.(>■  T  =  Cl^n. 

(,NLY  FIRST  24  POINTS  WERE  USED  IN  LEAST  SQUARES  FIT  ANALYSIS. 
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TABLE  3 

Class  D  HMX  Experiments 


(a)  First  sampling4 


EXPERIMENT 

# 

INITIAL 

%TMD|a) 

MAXIMUM 

%TMD,a| 

MAX  oa,  MPa  (psi) 

C^MPa 

mlb) 

Kul  ,  kN/mm 

mul,  MPa 

Vl(UL),  m/s 

HMX- 10 

64.6 

96.5 

183  (26500) 

_ (c) 

_ (c) 

308 

9830 

2310 

11 

64.6 

97.3 

227  (32900) 

_ (C) 

_ (c) 

337 

10600 

2400 

12 

65.7 

86.5 

18.7  (2710) 

_ (c) 

(c) 

22.6 

809 

701 

13 

64.6 

93.3 

64.5  (9350) 

_ <C) 

_ (C) 

89.5 

2960 

1290 

AVG. 

=  64.9 

(b)  Second  sampling4 


EXPERIMENT 

# 

INITIAL 

%TMD|a| 

MAXIMUM 

%TMD(al 

MAX  oa,  MPa  (psi) 

C(b»MPa 

m(bl 

Kjjl  •  kN/mm 

MUL,MPs 

Vl(UL),  m/s 

HMX- 14 

62.2 

79.4 

6.35  (920) 

_ (d) 

_ (d) 

_ (d) 

_ (d) 

_ (d) 

15 

64.1 

92.7 

75.4  (10900) 

75.4 

0.024 

150 

5000 

1680 

16 

61.6 

93.4 

99.6  (14500) 

96.6 

0.021 

207 

6840 

1960 

17 

60.5 

96.7 

232  (33700) 

213 

0.016 

396 

12600 

2620 

18 

AVG 

60.5 
=  61.8 

95.6 

158  (22900) 

149 

0.017 

339 

10900 

2450 

(c)  Third  sampling 


EXPERIMENT 

# 

INITIAL 

%TMD|S) 

MAXIMUM 

%TMDlal 

MAX  os,  MPa  (psi) 

Cb».MPa 

ralb> 

.  kN/mm 

Mm ,  MPa 

V(JUL),  ms 

HMX- 19 

66.0 

83.0 

9.47  (1370) 

9.98 

0.033 

10.3 

383 

491 

20 

65.8 

87.0 

30.2  (4380) 

31.4 

0.029 

30.9 

1100 

814 

21 

65.3 

88.4 

57.0  (8260) 

57.8 

0.024 

50.8 

1780 

1030 

22 

63.9 

88.9 

91.8  (13300) 

90.5 

0.019 

79.7 

2770 

1280 

23 

65.7 

95.8 

148  (21400) 

136 

0.017 

177 

5700 

1770 

24 

66.9 

100 

221  (32100) 

195 

0.014 

325 

9950 

2280 

25 

65.3 

78.3 

5.72  (830) 

_ («) 

(e> 

7.22 

286 

438 

26 

63.3 

76.6 

4.25  (617) 

(e) 

(cl 

5.27 

213 

382 

27 

65.3 

72.8 

2.56  (3711 

(el 

(c) 

4.18 

178 

358 

AVG 

*  65.3 

<VTMD  CALCULATED  USING  AN  AMBIENT  PRESSURE  CRYSTAL  DENSITY  OF  1.903  g/cm3  (19). 


Ibl  T  =  Ctpim 

ABNORMAL  STRESS  RELAXATION  KINETICS  WERE  OBSERVED  AND  DISCOUNTED. 
,dl  TRANSMITTED  FORCE  TRACE  WAS  NOT  PROPERLY  RECORDED 
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Fig.  1.  Applied  force  and  displacement  versus  time  for  a  typical  coarse  HMX  compaction/stress 
relaxation  experiment 


where  l  is  the  sample  length  on  unloading  or 
reloading.  Then,  sound  speed,  V,  was  calculated 
from  i - 

V  =  V  ^  -  (6) 

where  q  is  the  density  of  the  sample. 

Ultrasonic  longitudinal  velocity  measure¬ 
ments  were  also  attempted  on  a  number  of 
HMX  samples  using  a  radio  frequency  tone 
burst  system  (22)  operating  in  through- 
transmission  with  a  delay  rod.  The  apparatus 
and  experimental  procedure  have  been  des¬ 
cribed  previously  (23).  The  frequencies  at  which 
the  measurements  were  made  are  given  with  the 
reporting  of  the  velocities. 

RESULTS  AND  DISCUSSION 

Tj( t)  and  £pj(t)  were  calculated  at  each  instant 
of  time  for  each  stress  relaxation  experiment 
allowing  these  parameters  to  be  graphically 
related  by  eliminating  t  as  a  variable.  The  first 
38  points,  corresponding  to  the  highest  pins' ic 
strain  rate  portion  of  the  curve,  were  least 
squares  fit  to  an  equation  having  the  functional 
form  of  Equation  (l)  yielding  a  determination 
of  strain  rate  sensitivity.  The  resultant  relation¬ 
ships  were  then  extrapolated  to  a  strain  rate 
typical  of  actual  dynamic  experiments  which 
provided  an  estimate  of  the  intragranular  stress 
necessary  to  obtain  a  given  U  'I'M  l)  during 
dynamic  compaction. 


Teflon  7C:  Figure  2  is  a  logarithmic  plot  (15) 
of  Tj  versus  £p)  for  all  of  the  Teflon  7C  exper¬ 
iments  arranged  such  that  a  total  strain  rate 
typical  of  cold  gas  dynamic  compaction  ex¬ 
periments  (7,  24),  £Td  n>  is  included.  Also  shown 

is  the  maximum  strain  rate  during  quasi-static 
compaction,  £T^g,  which  is  greater  than  the 

maximum  £pl  calculated  from  stress  relaxation. 
This  serves  as  a  check  on  the  calculated  £p| 
values  since  they  cannot  exceed  £T  .  The 
Tj  values  obtained  from  extrapolating  to  an 
order  of  magnitude  strain  rate  of  10,!s-1  are 
shown  (15)  in  Figure  3.  Available  data  from  dy¬ 
namic  (£-r  ^103  s-1)  compaction  experiments 

‘  dyn 

obtained  by  Sandusky  and  Liddiard  (7,  24)  are 
included  along  with  a  typical  quasi-static  com¬ 
paction  curve  obtained  (2)  for  a  15  g  sample.  The 
results  show  that  reasonable  estimates  of  the 
intragranular  stress  dependence  on  strain  rate 
can  be  obtained  for  the  compaction  of  Teflon  7C 
using  this  approach.  Thus,  it  was  shown  (15) 
that  a  proper  formulation  of  a  compaction  law 
for  Teflon  70  would  have  to  include  the  effect 
of  strain  rate. 

Coarse  HMX:  Figure  4  is  a  logarithmic  plot 
of  i,  versus  £pi  for  two  representative  experi¬ 
ments  on  both  #20  sieve  cut  HMX  and  Class  D 
HMX.  The  extrapolation  to  a  strain  rate  of  105 
s  1  provided  an  estimate  of  the  intragranular 
stress  necessary  to  obtain  a  given  %TMD  dur¬ 
ing  dynamic  compaction  experiments  (pulse  rise 
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Fig.  2.  Logarithmic  variation  of  intragranular 
stress  versus  plastic  strain  rate  for  compacted 
Teflon  7C 


Fig.  3.  Semilogarthmic  variation  of  intragran¬ 
ular  stress  versus  percent  theoretical  maximum 
density  for  compacted  Teflon  7C 


time  =10  f/s)  performed  by  Sandusky  (24).  The 
extrapolated  values  (correlation  coefficient 
>0.90)  appear  in  Figures  5  and  6  for  sieve  cut 
and  Class  D  HMX,  respectively.  Also  appear¬ 
ing  are  i  ^presentative  quasi-static  compaction 
results  (4)  and  available  dynamic  measurements 
(24).  The  extrapolated  values  for  sieve  cut  HMX 
follow  a  well-behaved  functional  form  very 
similar  to  the  quasi-static  compaction  curve 
shown  for  HMX-8.  The  estimates  do  tend 
toward  the  quasi-static  curve  at  high  %TMD, 
indicating  a  reduced  strain  rate  effect  with  in¬ 
creasing  %TMD. 
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Fig  4.  Logarithmic  variation  of  intragranular 
stress  versus  plastic  strain  rate  for  selected  com¬ 
pacted  coarse  HMX  samples 


An  analogous  trend  occurs  for  Class  D  HMX. 
The  significant  scatter  in  extrapolated  values  is 
caused  by  the  variation  in  quasi-static  compac¬ 
tion  results  that  is  inherent  for  a  material  having 
a  broad  particle  size  distribution.  The  quasi-stat¬ 
ic  curve  shown  is  for  HMX-11  which  was  pre¬ 
viously  considered  (4)  to  be  representative  of 
Class  D  HMX  quasi-static  behavior.  In  the 
recently  performed  “third  sampling’  experi¬ 
ments,  the  curve  for  HMX-23  was  virtually  iden¬ 
tical.  However,  significant  variation  in  quasi¬ 
static  compaction  curves  occurred.  The  maxi¬ 
mum  variation  is  depicted  by  the  two  solid  lines 
which  are  portions  of  actual  compaction  curves 
for  HMX-22  and  24.  Note  that  a  positive  strain 
rate  dependency  is  actually  portrayed  for  HMX- 
24  when  its  quasi-static  curve  is  compared  to  its 
extrapolated  value.  Thus,  it  is  not  possible  to 
compare  directly  the  extrapolated  high  strain 
rate  t,  values  with  the  measured  dynamic  data 
because  of  the  variation  in  quasi-static  compac¬ 
tion  data.  Furthermore,  the  (%TMD)0  value  for 
the  dynamic  Class  D  HMX  compaction  ex¬ 
periments  was  7  or  8  percentage  points  (24) 
higher  than  for  the  quasi-static  experiments.  The 
actual  quasi-static  compaction  curve  for  the  sam¬ 
ple  undergoing  dynamic  compaction  would  be 
necessary  for  a  proper  assessment  of  strain  rate 
dependency. 


651 


Although  the  stress  relaxation  data  reveal 
that  coarse  HMX  compaction  has  a  small  strain 
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Fig.  5.  Semilogarithmic  variation  of  intragran- 
ular  stress  versus  percent  theoretical  maximum 
density  for  compacted  §20  sieve  cut  HMX 


rate  sensitivity,  the  increase  in  stress  in  ex¬ 
trapolating  over  six  decades  is  large,  ranging 
from  28  to  130%.  Furthermore,  the  statistical 
nature  of  the  particle  size  distribution  in  Class 
D  HMX  is  attributed  to  causing  significant 
variations  in  the  quasi-static  compaction 
results.  It  is  concluded  that  having  samples 
with  similar  (%TMD)0  values  does  not  insure 
similar  quasi-static  compaction  behavior. 

Figure  7  shows  the  overall  trend  of  strain  rate 
sensitivity  (again  correlation  coefficient  >0,90) 
versus  %TMD  for  both  Teflon  7C  and  coarse 
HMX.  Teflon  7C  does  not  show  any  definite 
variation  of  m  with  %TMD,  although  only  a 
small  %TMD  range  has  been  investigated.  On 
the  other  hand,  HMX  shows  an  essentially 
linear  reduction  in  strain  rate  sensitivity  with 
increasing  %TMD. 

Sound  Speeds:  A  by-product  of  the  elastic 
spring  constant  determination  was  the  ability 
to  compute  velocity  as  a  function  of  %TMD. 
The  results  of  the  calculations  for  K.  (subscripts 
RL  and  UL  denote  sample  reloading  and 
unloading,  respectively),  M,  and  V  (Vl(RL)  and 


Fig.  6.  Semilogarithmic  variation  of  intra- 
granular  stress  versus  percent  theoretical  max¬ 
imum  density  for  compacted  Class  D  HMX 


Vl(UL)  are  the  resultant  longitudinal  velocities 
for  sample  reloading  and  unloading,  respective¬ 
ly)  appear  in  Tables  1  to  3  for  the  appropriate 
materials.  Only  the  results  from  unloading  data 
for  Class  D  HMX  appear  in  Table  3  because  less 
experimental  uncertainty  was  associated  with 
these  values. 
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Fig.  7.  Strain  rate  sensitivity  versus  percent 
theoretical  maximum  density  for  compacted 
Teflon  7C  and  coarse  HMX 
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The  sound  speeds  for  compacted  Teflon  7C 
determined  from  the  elastic  spring  constants 
and  longitudinal  sound  velocities,  previously 
measured  (2)  ultrasonically,  for  compacted 
Teflon  7C  and  Teflon  bar  stock  are  shown  as  a 
function  of  %TMD  in  Figure  8.  Also  included 
is  another  ultrasonic  measurement  on  Teflon 
bar  stock  (25).  The  sound  speeds  determined 
from  the  elastic  spring  constants  measured  on 
reloading  compacted  Teflon  7C  in  the  mold  at 
2.54  mm/min  are  themselves  longitudinal 
velocities,  VL,  since  the  modulus  obtained  from 
loading  (or  unloading)  a  sample  in  uniaxial 

strain  is  B+i  G,  where  B  is  the  bulk  modulus 

3 

and  G  is  the  shear  modulus  (26).  The  testing 
machine-determined  velocities  are  550  to  820 
m/s  below  the  ultrasonically-determined  veloci¬ 
ties.  This  large  difference  is  attributed  primarily 
to  viscoelastic  dispersion  (27)  which  gives  an  in¬ 
crease  in  velocity  with  increasing  frequency.  A 
second  order  effect  (about  10%  for  polymers)  is 
associated  with  the  difference  in  adiabatic  and 
isothermal  bulk  moduli  determined  ultra  conical¬ 
ly  and  at  very  low  frequency,  respectively  (28). 


Fig.  S  Longitudinal  sound  velocity  determined 
ultrasonically  and  from  sample  reloading  versus 
percent  theoretical  maximum  density  for  com¬ 
pacted  Teflt  »  7C 

A  plot  of  longitudinal  sound  velocity  versus 
%TMD  obtained  from  unloading  and  corre¬ 
sponding  reloading  elastic  spring  constants  is 
shown  in  Figure  9  for  Ciasc  D  exoeriments 
HMX  19  to  2/  With  one  exception  ,il\1X-27), 


the  velocities  calculated  for  sample  unloading 
were  always  higher.  Accounting  for  the  noise  on 
the  reloading  applied  force  and  deflectometer 
traces  and  appropriately  lowering  the  machine 
constant  for  the  low  %TMD  experiments  reduc¬ 
ed  buc  did  not  eliminate  the  difference  in 
velocities.  The  reloading  portion  of  the  traces 
nad  few  data  points,  making  it  hard  to 
guarantee  a  proper  linear  region  for  obtaining 
a  slope.  Thus,  characteristically  low  velocities 
from  reloading  data  could  be  explained  by  this 
uncertainty  and,  as  such,  provide  a  rough  check 
on  the  unloading  velocities. 
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Fig.  9.  Longitudinal  sound  velocity  determined 
from  sample  unloading  and  reloading  versus 
percent  theoretical  maximum  density  for  com¬ 
pacted  Class  D  HMX 

The  variation  of  longitudinal  sound  velocity 
(calculated  from  unloading  elastic  spring  con¬ 
stants)  with  %TMD  for  all  of  the  coarse  HMX 
compaction  experiments  is  shown  in  Figure  10. 
Extending  the  combined  data  set  to  100%  TMD 
yields,  as  expected,  a  value  in  excess  of  the  bulk 
sound  speed  for  compacted  HMX  reported  by 
Olinger,  Roof,  and  Cady  (19).  There  is  also  good 
consistency  with  available  experimental  data 
for  two  pressed  plastic  bonded  explosive  (PBX) 
compositions  (29-31)  containing  94-95  weight  % 
HMX. 

LongitudineJ  sound  velocities  determined 
ultrasonically  are  shown  as  a  function  of  %TMD 
in  Figure  1 1  for  various  recovered  coarse  HMX 
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Fig.  10.  Longitudinal  sound  velocity  deter 
mined  from  sample  unloading  versus  percent 
theoretical  maximum  density  for  compacted 
coarse  HMX 


Fig.  11.  Longitudinal  sound  velocity  deter 
mined  ultrasonically  and  from  sample  unloading 
versus  percent  theoretical  maximum  density  for 
compacted  coarse  HMX 


samples  that  had  been  compacted.  Measure¬ 
ments  on  samples  in  and  out  o'  the  mold  are  in¬ 
cluded  along  with  values  calculated  from 
unloading  elastic  spring  constants  for  HMX- 19 
to  27  Ultrasonic  measurements  performed  out¬ 
side  the  tube  on  HMX-3  to  18  revealed  a  dis¬ 
turbing  decrease  in  velocity  with  increasing 
%TM  D  above  88  to  90%  TMD.  This  decrease 
in  velocity  is  attributed  to  the  formation  of 
numerous  axial  cracks  during  ejection  of  the 
samples  from  the  mold  that,  in  ‘urn,  cause  a 
considerable  increase  in  the  transit  time  for 
wave  propagation.  These  "cracks”  were  not 
visible  per  se  but  would  be  analogous  to  laminar 
cracking  observed  (32)  in  compacts  that  had 
been  ejected  from  a  mold.  An  improvement  in 
experimental  technique  occurred  by  performing 
ultrasonic  measurements  on  compacted 
samples  retained  in  the  mold  after  the  top  and 
bottom  rams  had  been  removed.  Up  to  90%, 
TMD.  the  velocities  determined  in  this  manner 
were  4  to  21%  higher  than  the  velocities 
calculated  from  unloading  data.  Although  there 
is  considerable  experimental  uncertainty  in  the 
ultrasonic  sound  velocities  measured  on  samples 
retained  in  tb  ..  _!d,  it  appears  that  wave  prop¬ 
agation  in  coarsi  HMX  porous  beds  is  weakly 
and  possibly  mildly  dispersive  over  the 
frequency  and  %TMI)  range  studied.  Addi¬ 


tional  work  is  needed  to  confirm  this  tentative 
conclusion.  Above  90%  TMD,  the  data  sets  in¬ 
tersected  and  then  diverged  with  the  ultrasonic 
velocities  being  much  lower.  At  this  degree  of 
consolidation,  some  crack-like  defect  structure 
apparently  forms  on  sample  unloading,  even  in 
the  tube,  that  gives  the  abnormally  long  tran¬ 
sit  times  measured  ultrasonically. 

CONCLUSIONS 

The  strain  rate  sensitivity  of  porous  bed  com¬ 
paction  has  been  quantitatively  assessed  for 
two  types  of  coarse  HMX  explosive,  having 
about  the  same  average  particle  size  but  wide¬ 
ly  differing  particle  size  distribution.  Over  the 
same  %,TMD  range,  the  strain  rate  sensitivity 
for  porous  bed  compaction  of  coarse  HMX  was 
about  50%,  that  of  Teflon  7C  powder  (a  model 
inert  material)  which  had  been  stud'ed  previous¬ 
ly.  This  does  not  seem  to  be  inconsistent  with 
actual  dynamic  measurements,  obtained  by 
other  NSWC  investigators,  basically  using  two 
different  driver  systems,  on  these  two  materials 
when  compared  to  separately  determined  quasi¬ 
static  results.  For  the  sieve  cut  HMX,  intra- 
granular  stress  values  obtained  (at  various  den¬ 
sities)  by  extrapolation  to  «  strain  rate  typical 
of  dynamic  ;ompaclion  experiments  followed 
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a  functional  form  very  similar  to  the  quasi-static 
compaction  curve.  The  situation  for  Class  D 
HMX  was  complicated  because  the  quasi-static 
and  dynamic  compaction  behaviors  seem  to  be 
strongly  dependent  on  both  (%TMD)0  and  in¬ 
itial  particle  size  distribution. 

Sound  velocities  determined  from  porous  bed 
elastic  unloading  were  an  important  by-product 
of  this  work.  The  values  were  found  to  be  con¬ 
sistent  with  available  experimental  data.  The  in¬ 
dication  from  the  present  work  is  that  ultra¬ 
sonic  velocity  measurements  should  really  be 
performed  on  the  compacted  sample  while  under 
stress  in  the  mold.  Hov/ever,  the  unloading 
modulus  approach  appears  to  provide 
reasonable  “ambient"  pressure  sound  velocities 
over  a  large  %TMD  range  for  materials  that  are 
not  strongly  dispersive. 
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DISCUSSION 

J.  DICK,  Los  Alamos  National  Laboratory 

You  stated  that  %TMD  on  your  graphs 
means  the  bulk  density  at  that  stress  level 
divided  by  the  crystal  density  at  ambient  con¬ 
ditions.  I  have  found  that  to  be  a  misleading  use 
of  the  term  “percent  theoretical  maximum  den¬ 
sity”  especially  when  one  wishes  to  find  a  value 
for  the  residual  porosity,  since  the  com¬ 
pressibility  of  the  solid  phase  is  not  accounted 
for.  Perhaps  the  term  “percent  theoretical  max¬ 
imum  initial  density”  (%TMID)  would  be  less 
ambiguous. 

REPLY  BY  P.  J.  COYNE,  JR 

The  reason  we  report  percent  theoretical  max¬ 
imum  density  using  the  ambient  pressure 
crystal  density  is  primarily  historical.  Much  of 
the  existing  literature  on  DDT  has  used  this 
parameter.  All  previous  plots  of  this  nature, 
generated  at  the  Naval  Surface  Weapons 
Center,  have,  as  a  result,  followed  this  conven¬ 
tion.  We  have  been  slow  to  change  to  what  is 
a  more  appropriate  parameter  for  two  reasons. 
First,  direct  comparisons  can  be  made  with  the 
existing  body  of  information.  Second,  with  the 
exception  of  HMX,  there  is  little,  if  any,  ex¬ 
perimental  data  available  to  make  this  adjust¬ 
ment  for  other  energetic  materials  of  interest. 
In  the  future,  we  hope  to  generate  a  second  ver¬ 
sion  of  the  plots  in  question  for  HMX  using 
data  that  is  available  (Uef.  19  of  our  paper)  on 
the  compressibility  of  solid  HMX.  Your  sugges¬ 
tion  of  using  %TM1D  is  a  good  one,  and  merits 
future  consideration. 


DEFLAGRATION-TO-DETONATION  TRANSITION  (DDT) 
STUDIES  OF  A  DOUBLE-BASE  PROPELLANT 


R.  R.  Bernecker,  H.  W.  Sandusky,  and  A.  R.  Clairmont,  Jr. 
Naval  Surface  Weapons  Center 
White  Oak,  Silver  Spring,  Maryland 


DDT  experiments  have  been  conducted  with  very  porous  columns 
of  a  double-base  propellant  confined  in  plastic  and  steel  tubes.  In  addi¬ 
tion  to  the  regular  ignition  system,  a  special  free  volume  ignition 
system  has  been  used  in  the  steel  tubes  to  produce  a  slower  pressuri¬ 
zation  of  the  columns  during  the  pre-ignition  stage.  For  both  types 
of  confinement  it  has  proven  very  helpful  to  evaluate  events  relative 
to  the  location  and  time  of  the  onset  of  detonation.  Using  this  pro¬ 
cedure,  it  ivas  found  that  data  from  replicate  experiments  show  a 
reasonably  good  degree  of  reproducibility.  The  use  of  the  weaker  ig¬ 
nition  system  increased  the  distance  to  detonation  by  about  10%  in 
the  steel  tube  arrangement.  This  increase  in  distance  is  attributed 
to  a  retardation  of  the  compressive  (“hot  spot")  reaction  during  the 
latter  stages  of  the  DDT  process.  Flash  radiographic  results  from 
the  plastic  tube  and  pressure  transducer  measurements  from  the  steel 
tube  data  are  used  to  interpret  predetonation  events  of  the  various 
stages  of  the  DDT  process. 


INTRODUCTION 

Research  directed  toward  the  elucidation  of 
the  stages  of  the  deflagration-to-detonation 
transition  (DDT)  process  in  porous  energetic 
materials  has  been  carried  out  for  decades.  In 
more  recent  years  attempts  have  been  made  to 
develop  theoretical- numerical  models  of  the 
total  DDT  process  (1-3).  However,  these  efforts 
have  not  been  completely  successful  because  of 
factors  such  as  incomplete  formulation  of  key 
constitutive  relationships  and  quantitative  de¬ 
scriptions  of  compressive  reaction.  Researchers 
at  our  Center  have  been  working  with  a  variety 
of  simple  energetic  systems  (ball  powders  and 
neat  explosives)  to  quantify  their  compressibil¬ 
ity  relationships  (4,  5),  their  shock  reactivity  (6), 
and  their  DDT  behavior  (7).  These  data  provide 
useful  experimental  information  for  the  devel¬ 
opment  of  more  accurate  numerical  models.  In 
this  paper  we  wish  to  present  DDT  data  for  one 
of  these  ball  powders,  illustrating  the  effect  of 
confinement  and  the  type  of  ignition  source  on 
the  DDT  parameters.  The  experimental  data  are 
discussed  in  terms  of  each  of  the  stages  of  the 


DDT  process  (see  Table  1). 

TABLE  1 

Stages  of  DDT  Mechanism  for 
Porous  Charges 


1.  Pre-ignition 

2.  Ignition/Conductive  Burning 

3.  Convective  Burning 

4.  Compressive  ("Hot  Spot")  Burning 

5.  Shock  Formation  ^ 

6.  Compressive  Burning  l  SDT 

7.  Detonation  j 


The  material  used  in  the  study  was  a  commer¬ 
cial  reloading  powder,  WC  231;  it  has  been  very 
useful  in  the  DDT  studies  since  it  undergoes  a 
transition  to  detonation  both  in  low  confine¬ 
ment  (plastic)  tubes  and  in  high  confinement 
(steel)  tubes  (7).  For  the  steel  tube  experiments, 
two  different  ignition  sources  were  used:  our 
regular  ignitor  and  a  free  volume  ignitor.  The 
latter  w  as  designed  to  produce  a  lower  pressur¬ 
ization  rate  (dP  dt)  during  the  pre-ignition  stage 


(see  Table  1).  Pre-ignition  compaction  and 
pyrolysis  can  pre-condition  the  porous  column; 
it  was  of  interest  to  contrast  the  pressure-time 
histories,  along  the  predetonation  columns,  for 
the  two  ignition  systems. 

Replicate  experiments  were  run  to  obtain  a 
measure  of  the  statistical  variation  in  predeto¬ 
nation  parameters.  It  has  been  very  helpful  in 
analyzing  these  data  to  evaluate  the  buildup 
process  relative  to  the  predetonation  column 
length  (/)  and  time  to  detonation,  such  that 
x*  =  x  -  /  and  t*  =  t  -  tD  (x  is  distance  along 
the  column,  t  is  time  relative  to  the  response  of 
an  optical  fiber/photodetector  assembly  termi¬ 
nated  at  the  propellant  interface  and  t0  is  the 
corresponding  time  to  detonation).  Using  this 
formalism,  good  agreement  has  been  observed 
among  predetonation  observations  for  replicate 
experiments  in  both  the  plastic  and  steel  tubes. 

EXPERIMENTAL  ARRANGEMENTS 
AND  PROCEDURES 

The  plastic  DDT  tube  and  its  experimental  ar¬ 
rangement  have  been  described  and  docu¬ 
mented  elsewhere  (8, 9).  The  plastic  tube  is  fab¬ 
ricated  from  polycarbonate  rod  (Lexan  101-111) 
and  has  an  OD  of  76.0  mm,  an  ID  of  25.4  mm 
and  a  length  of  305  mm.  Associated  instrumen¬ 
tation  included  externally  mounted  strain 
gages,  conductivity  and  ionization  probes,  op¬ 
tical  fiber/photodetector  assemblies,  high  speed 
continuous-access  streak  and  framing  cameras 
and  flash  radiography  units.  The  flash  radio- 
graphic  measurements  of  charge  density  are  de¬ 
termined  from  x-ray  tracers,  usually  tungsten 
wires,  loaded  between  increments  during  charge 
fabrication. 

In  order  to  evaluate  the  susceptibility  of  all  the 
various  ball  powders  (4)  to  DDT,  it  was  neces¬ 
sary  to  conduct  experiments  in  steel  tubes  (7). 
For  these  experiments  the  plastic  tube  was  sim¬ 
ply  replaced  by  a  steel  tube  of  nominally  identi¬ 
cal  dimensions.  In  this  manner,  the  lateral  con¬ 
finement  was  increased  while  retaining  the  same 
ignition  arrangement  and  end  clamping  arrange¬ 
ment.  This  new  steel  tube  system  is  called  a 
"modified  steel  tube  (MST)  arrangement";  a 
schematic  of  this  system  (with  our  regular  ig¬ 
nitor)  is  shown  in  Figure  1.  Piezoelectric  (PE) 
pressure  transducers  were  located  along  the 
predetonation  column  length  and  mounted  flush 
to  the  wall  For  the  PE  transducer  located  next 


to  the  ignitor/propellant  interface,  a  static  gas 
calibration  in  situ  was  performed  to  ~30  MPa 
to  confirm  the  manufacturer’s  calibration.  The 
PE  transducers  used  were  manufactured  by 
PCB  (Model  109A02)  and  had  a  risetime  of  1  gs 
and  maximum  pressure  limit  of  862  MPa.  Their 
output  was  sent  to  both  a  high  sensitivity 
recording  channel  (~30  MPa)  and  to  a  low  sen¬ 
sitivity  recording  channel  (>1000  MPa).  The  free 
volume  (F.V.)  ignition  system  differed  from  the 
regular  system  (9)  by  the  presence  of  a  5.0  cc 
cavity  (2.26  cm  long)  between  the  B/KNOs  ig¬ 
nitor  mixture  and  the  free  surface  of  the  propel¬ 
lant  column. 


Fig.  1.  Modified  steel  DDT  tube  arrangement 

The  propellant  used  in  this  study  was  an  am¬ 
munition  reloading  powder  manufactured  by  the 
Winchester  Group  of  the  Olin  Corporation  and 
was  purchased  locally;  its  designation  is  WC  231. 
'I’his  powder  was  undeterred  but  rolled;  as  a  re¬ 
sult  of  the  rolling  process  some  of  the  individual 
grains  had  notched  regions  (fracture  points)  (4). 
The  particle  size  distribution  of  the  powder  was 
very  broad,  extending  from  350  to  1000  gm 
Theoretical  maximum  density  (TMD)  is  taken  to 
be  1.64  g/cc  (4). 

EXPERIMENTAL  RESULTS 

Plastic  Tube  Experiments 

Two  DDT  experiments  (Shots  S74  and  S82) 
were  conducted,  utilizing  the  regular  ignition 
system.  To  document  more  completely  the  ex¬ 
tent  of  compaction  induced  by  the  burning  of  the 
B/NKO3,  a  dynamic  compaction  experiment  (10) 
was  also  carried  out,  with  the  x-ray  tracers 
spaced  6.4  nun  apart. 

A.  Dynamic  Compaction  Experiment 

A  thin  nickel  disk  (0.9  nun  thick),  slightly  smal¬ 
ler  than  the  ID  of  the  tube,  was  placed  between 


the  regular  ignitor  and  the  propellant  in  order 
to  retard  ignition  of  the  propellant  in  this  ex¬ 
periment  (Shot  A01).  The  main  observations 
from  this  shot  to  be  discussed  here  are  the  ap¬ 
parent  density  profiles  (i.e.,  one-dimensional 
compaction)  as  determined  from  radiographs 
taken  at  501  and  753  ps  after  the  first  detection 
of  luminosity  at  the  propellant  interface.  These 
data  (see  Figure  2)  show  that  a  low  density  wave 
front  (called  a  weak  compressive  wave  (WCW) 
(9))  had  propagated  to  104  mm  at  the  x-ray  time 
of  501  ps.  This  density  profile  is  in  accord  with 
a  low  pressure  loading  from  burning  of  the 
B/KN03  material.  However,  from  ~32  mm  back 
to  the  disk  (at  16  mm)  a  negative  density  gradi¬ 
ent  illustrates  a  rarefaction  of  the  previously 
compacted  propellant.  Tliis  rarified  region  is  as¬ 
sociated  with  the  reaction  (pyrolysis)  of  the  pro¬ 
pellant  which  ultimately  led  to  convective  com¬ 
bustion.  In  the  convective  combustion  stage,  a 
fluidized  bed  (with  density  lower  than  the  origi¬ 
nal  material)  is  located  upstream  of  the  com¬ 
pacted  propellant.  The  presence  of  the  fluidized 
bed  can  be  seen  upstream  of  56  mm  for  the  753 
ps  data  in  Figure  2.  At  753  ps  the  disk  was  no 
longer  near  the  compacted  column  but  had  been 
“blown”  back  to  the  ignitor  interface  (x  =  0). 
The  front  of  the  high  density  column  at  86  mm 
represents  the  compressive  (compaction)  front 
(designated  in  Ref.  9  as  the  strong  compressive 
(compaction)  wave)  and  is  driven  by  the  convec- 
tively  burning  propellant.  The  density  profile 
between  56  and  69  mm  (as  seen  in  Figure  2  for 
the  753  ps  data)  is  only  a  semi-quantitative  rep¬ 
resentation  of  the  true  profile  since  asymmetric 
burning  of  the  propellant  occurred  and  the 
tracers  were  badly  and  asymmetrically  bent  ia 
very  rare  happening). 

It  is  experimentally  difficult  to  define  accu¬ 
rately  the  deformation  of  the  inner  wall  of  the 
plastic  tube  and  the  change  in  diameter  of  the 
propellant  bed.  Hence  the  data  in  Figure  2  (and 
later  density  profiles  shown  in  this  paper)  are  de¬ 
signated  as  “apparent"  density  profiles.  However, 
using  x-ray  tracers  placed  along  the  inner  wall, 
we  occasionally  measure  the  tube  wall  deforma¬ 
tion.  Using  tracers  placed  along  the  wall  between 
25  and  30  mm,  the  tube  expansion  at  501  ps  was 
minima!  (an  increase  from  25.70  mm  to  25.88 
mm),  Thus  the  501  ps  density  profile  is  judged 
to  be  indicative  of  the  actual  densities,  from  the 
observed  tube  expansion  at  753  ps  this  cannot  be 


claimed  for  that  density  profile. 


Fig.  2  Density  profiles  from  Lexan  tube  (ignitor) 
compaction  of  WC  231,  Shot  A01 

B.  DDT  Experiments 

In  the  Lexan  tube  experiments  (S74  and  S82), 
a  transition  to  detonation  occurred  at  222  and  235 
mm,  respectively.  The  times  associated  with  the 
onset  of  detonation  (tD),  the  flash  radiographs 
(txft)  and  the  flash  radiographs  relative  to  the 
onset  of  detonation  (t^jf  =  —  tD )  are  shown 

in  Table  2.  The  density  (apparent)  profiles  calcu¬ 
lated  from  the  x-rays  are  shown  in  Figures  3  and 
4.  Various  letters  have  been  used  to  designate  the 
region  associated  with  various  fronts.  The  loca¬ 
tions  associated  with  the  head  of  the  WCW  are 
designated  by  A  and  D.  The  strong  compressive 
wave  (SCW)  region,  driven  primarily  by  the  con¬ 
vective  combustion  of  the  propellant,  is  encom¬ 
passed  by  the  B-C  and  E-F  designations. 

In  Table  3  are  listed  the  regions,  densities, 
shock  (compaction  front)  velocities,  particle  veloc¬ 
ities  and  pressures  associated  with  the  WCW  and 
SCW.  Most  of  these  values  were  calculated  direct¬ 
ly  from  Figures  3  and  4.  Others  were  calculated 
from  the  jump  conditions.  The  data  in  Table  3 
and  Figure  2  show  that  the  density  associated 
with  the  WCW  is  fairly  constant  for  the  three 
plastic  tube  experiments.  The  data  in  Table  3  for 
the  SCW  show  an  apparent  density  increase  be¬ 
tween  the  two  radiographs  for  each  experiment. 
More  interestingly,  it  appears  that  the  %  TMD 
at  the  front  of  the  SCW  increases  with  increas¬ 
ing  t*XR  values,  indicating  a  certain  reproducibil¬ 
ity  of  events  between  S74  and  S82.  This  repro¬ 
ducibility  also  appears  to  extend  to  the  luminous 
events  observed  photographically. 


TABLE  2 

Lexan  Tube  DDT  Experiments  with  WC  231  Propellant 


SHOT  NO. 

DENSITY 
(g/cc)  (%  TMD) 

l 

(mm) 

fcD 

(gs) 

fcXR 

(gs) 

fc*XR 

(gs) 

S74 

0.830 

50.6 

222 

677 

421 

-256 

523 

-154 

S82 

0.820 

50.0 

235 

872 

699 

-173 

765 

-107 

TABLE  3 

Lexan  Tube  DDT  Data  for  WC  231  Propellant 


WCW 

SCW 

t*XR 

X 

Ub 

u 

P*1 

x 

Uc 

ud 

pd 

SHOT 

(gs) 

(mm) 

%  TMDa 

(mm/ps) 

(mm/ps) 

(MPa) 

(mm) 

%  TMDa 

(mm/gs) 

(mm/ps) 

(MPa) 

S74 

-256 

56.5 

0.210 

(0.021) 

3.7 

62.8 

73.2 

mm 

29.0 

1 

in 

30.9 

87.7 

61.3 

0.224 

0.037d 

6.7 

43.3 

1 

46.3 

-154 

123.3 

(56.5) 

(0.021) 

(3.7) 

102.2 

0.52 

Ira 

90.7 

(61.3) 

(0.037) 

(6.7) 

S82 

-173 

147.7 

55.2 

0.023b 

4.4 

104.6 

94.3 

0.52 

0.21 

87.5 

122.6 

61.3 

0.045d 

8.7 

163.0 

55.3 

0.233 

(0.023) 

(4.4) 

138.8 

(100) 

0.60 

0.28 

139 

a.  Apparent  Density  I’:  Average  Value  Between  X-Ray  Times  c.  Assumed  from  Luminosity  d:  Calculated 


Shot  S74  used  a  continuous-access  streak 
camera  while  a  continuous-access  framing  camera 
was  used  in  S82.  The  photographic  data  for  both 
experiments  are  shown  in  Figure  5  using  x*  and 
t*  values;  it  can  be  seen  that  the  predetonation 
luminosity  is  surprisingly  reproducible.  Moreover, 
when  the  flash  radiographic  data  for  the  SCW 
({joints  B  and  E  from  Figures  3  and  4)  are  con¬ 
sidered  in  Figure  5,  there  appears  to  be  a  fairly 
continuous  propagation  path  for  the  SCW.  It  is 
also  evident  that  the  luminosity  associated  with 
the  propagation  of  the  SCW  represents  luminous 
gase3  in  the  annular  region  between  the  expanded 
tube  and  the  compacted  propellant  (this  feature 
was  also  illustrated  for  coarse  HMX  in  Ref.  9). 
In  the  case  of  Shot  S82,  the  non-Iuminous  SCW 
appears  to  become  luminous  and  increase  in 
velocity  just  about  the  time  it  overtakes  the 
WCW.  On  the  other  hand,  in  Shot  S74  the  SCW 
only  became  luminous  20  mm  downstream  of  the 
intersection  of  the  WCW  and  the  SCW.  Thus, 
there  is  no  consistent  interpretation  from  these 
data  of  what  produces  the  accelerating  shock 
wave. 


STEEL  TUBE  EXPERIMENTS 

The  experimental  parameters  for  the  steel  tube 
experiments  are  listed  in  Table  4.  It  appears  that 
1  is  about  1 25  nun  for  the  regular  ignition  system 
and  137  mm  for  the  free  volume  (F.V.)  ignition 
system.  These  data  indicate  that  the  “softer" 
F.V.  ignition  system  yields  a  slightly  longer  pre¬ 
detonation  column  length.  From  Table  4  it  is 
noted  that  tD  is  much  longer  for  the  F.V.  system, 
as  expected.  The  locations  of  the  pressure  trans¬ 
ducers  used  in  these  experiments  are  also  listed 
in  this  table.  In  four  of  these  experiments  trans¬ 
ducers  were  located  in  the  ignition  region  such 
that  the  B/KN03  combustion  process  and  initial 
reaction  of  the  propellant  could  be  monitored.  In 
these  same  four  experiments  an  additional  trans¬ 
ducer  was  located  downstream  to  outline  the 
propagation  of  the  WCW,  the  SCW,  and  for  Shot 
A97  the  shock  region. 

The  ionization  probe  data  for  two  regular  ig¬ 
nitor  experiments  (A  142  and  A 143)  are  3hown  in 
Figure  6.  Least  square  straight  lines  have  been 
drawn  through  the  two  data  sets.  The  data  show 
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Fig.  3.  Density  profiles  from  Lexan  tube  DDT 
experiment  with  WC  231,  Shot  S74 


cept  for  A97)  are  the  response  times  of  the  first 
probe  in  these  experiments. 


Fig.  5.  Distance-time  data  from  Lexan  tube 
DDT  experiments  with  WC  231  (Numerical 
value  is  velocity  in  mm/ps.) 


Fig.  4  Density  profiles  from  Lexan  tube  DDT 
experiment  with  WC  231,  Shot  S82 

a  reproducible  discharge  race  of  0.67  end  0.66 
mirths,  respectively,  except  for  the  probes 
located  less  than  35  mm  from  the  onset  of  det¬ 
onation.  The  latter  probe  discharges  indicate  an 
accelerating  process  in  accord  with  the  lumi¬ 
nous  fronts  shown  in  Figure  5.  Similar  repro¬ 
ducibility  of  the  probe  data  for  the  F.  V.  ignitor 
experiments  (A97  and  A 147)  is  seen  in  Figure 
7.  The  two  least  squares  straight  lines  would 
essentially  overlay  if  the  same  l  value  of  1 37  mm 
(see  Table  4)  was  selected  for  both  experiments. 
The  discharge  rate  is  0.57  mm/gs  for  both  ex¬ 
periments,  Not  shown  in  Figures  6  and  7  iex- 


-100  -80  -60  -40  -20  0 

t*  (ns) 

Fig.  6.  Probe  data  from  steel  tube  experiments 
( regular  ignitor)  with  WC  231  (Key  of  Fig.  5) 

The  pressure-time  (P-t)  histories  for  these 
steel  DDT  experiments  have  provided  con¬ 
siderable  quantitative  insight  into  predetona¬ 
tion  events  and  their  influence  (or  lack  of  such) 
on  the  location  and  time  of  the  transition  to 
detonation.  To  illustrate  the  reproducibility  of 
events  in  the  ignition  region,  the  P-t  data  for 
the  lower  pressure  range  (<25  MPa)  for  ex¬ 
periments  A97,  A142,  A 143,  and  A147  are 
shown  in  Figure  8.  In  the  time  period  of  -500 
to  -  200  ps,  all  four  experiments  have  similar 
pressure  levels  and  pressurization  rates.  For  t  he 
regular  ignitor  shots  (A142  and  A143),  the  ig¬ 
nitor  transducer  at  3  mm  detected  the  pressure 


loading  from  the  B/KN03  mixture  at  about 
—500  ps;  this  time  is  very  close  to  the  response 
time  of  an  optical  fiber/photodetector  assembly 
at  the  ignitor  interface  (see  tD  values  in  Table 
4).  When  the  F.V.  ignitor  experiments  are  con¬ 
sidered,  excellent  reproducibility  is  evident  for 
A97  and  A147  data  in  the  —600  to  —200  ps 
period. 


Fig.  7.  Probe  data  from  steel  tube  experiments 
(free  volume  ignitor)  with  WC  231  (Key  of  Fig.  5) 
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Fig.  8  Pressure-time  data  from  ignition  region 
in  steel  tube  experiments  with  WC 2.31  (Regular 
ignitor  A 142  and  A  14,3;  free  volume  ignitor:  A97 
and  A 147) 

While  the  pressure  levels  from  the  four  exper¬ 
iments  are  similar  in  the  -  500  to  -  200  peri¬ 
od,  the  agreement  is  ••'ery  poor  in  the  -  100  to 
0  ns  time  frame,  even  for  replicate  experiments 
with  the  same  ignition  system  (see  Figure  9). 


At  the  time  of  detonation,  the  pressure  levels  in 
the  ignition  region  are  283,  409,  333  and  342 
MPa,  respectively,  for  Shots  A97,  A142,  A143 
and  A147.  It  is  noted  that  the  F.V.  ignition  sys¬ 
tem  has  the  Iowe*-  average  pressure  at  the  time 
of  detonation  and  the  larger  average  l  value. 


Fig.  9.  Pressure-time  data  from  ignition  region 
in  steel  tube  experiments  with  WC231  (Key  of 
Fig.  8) 

The  pressure-time  histories  of  the  down¬ 
stream  transducers  (see  locations  in  Table  4) 
showed  a  variety  of  pressurization  rates  and 
pressure  plateaus.  The  simplest  P-t  data  were 
men  in  Shot  A97  where  the  transducer  was  lo¬ 
cated  8.3  mm  upstream  of  where  detonation  be¬ 
gan.  At  that  location  an  increase  in  pressure 
was  not  detected  until  ~2  ps  before  the  onset 
of  detonation.  This  datum  is  shown  in  Figure 
7  and  is  consistent  with  the  propagation  of  an 
accelerating  shock  wave.  Because  the  time  reso¬ 
lution  of  the  transducer  recorder  was  2  ps  per 
point,  very  little  can  be  said  about  P  or  dP/dt 
associated  with  the  shock  wave.  It  should  be 
noted,  however,  that  at  t*  =  -6  ps,  the  pres¬ 
sure  started  to  go  negative,  probably  reflective 
of  tube  deformation  ahead  of  the  propagating 
shock  wave.  This  negative  excursion  has  been 
detected  many  times  by  externally  mounted 
strain  gages  in  our  earlier  work  in  steel  tubes 
(11)  and  plastic  tubes  (8). 


TABLE  4 

Steel  Tube  DDT  Data  For  50.0%  TMD  WC  231  Propellant 


SHOT 

IGNITOR 

SYSTEM 

TRANSDUCER 
LOCATION  (mm) 

X  X* 

l 

(mm) 

fcD 

(ps) 

DETONATION 

VELOCITY 

(mm/ps) 

REGULAR 

— 

— 

m 

595.5 

4.66 

REGULAR 

3.0 

-122 

510.4 

4.63 

66.6 

-58 

A143 

REGULAR 

3.3 

-127 

130 

477.4 

4.62 

50.4 

-80 

A31 

F.V. 

— 

— 

140 

181.3  +  ?a 

4.68 

A97 

F.V. 

CAVITY 

— 

135 

1588 

4.61 

126.7 

-8 

A147 

F.V. 

CAVITY 

— 

137 

2235.0 

4.63 

50.2 

-87 

a:  181  3  +  2593  (most  likely) 


Low  pressure  data  from  downstream  trans¬ 
ducers  in  Shots  A142  and  A143  showed  a  slow, 
linear  rise  in  pressure  indicative  of  the  WCW; 
its  calculated  velocity  is  0.23  and  0.22  mm/ps, 
respectively.  These  velocities  and  the  respective 
pressure  levels  «5  MPa)  are  consistent  with 
data  for  the  WCW  as  seen  in  the  plastic  tube 
shots  (see  Table  3). 

The  low  pressure  data  for  the  F.V.  ignitor 
Shot  A 147  (x*  =  —87  mm)  had  pressure  levels 
and  pressurization  rates  similar  to  the  regular 
ignitor  data  of  A 143  (x*  =  —80  mm)  between 
-300  and  -150  ps.  However,  it  appears  that 
with  the  F.V.  ignitor  system  a  gradual  compac¬ 
tion  of  the  propellant  bed  occurred  over  a  long 
time  period.  At  the  -87  mm  location  pressure 
was  first  detected  at  about  -1000  ps;  the  ex¬ 
tent  to  which  this  pressurization  is  associated 
with  gas  flow  or  solid  stress  waves  cannot  be 
ascertained  from  our  data.  However,  because  of 
the  low  pressure  levels  «4  MPa  at  -200  ps) 
very  little  compaction  of  the  bed  occurred  from 
the  first  pressure  rise  (-1000  ps)  to  ~-200  ps. 
The  similarity  in  low  pressure  data  for  Shots 
A 143  and  A 147  suggests  that  compaction  of  the 
propellant  bed  took  place  in  a  similar  manner, 
irrespective  of  the  ignition  system. 

The  high  pressure  data  from  the  downstream 
transducers  are  shown  in  Figure  10.  A  compari¬ 
son  of  these  data  and  the  IP  data  of  Figures  6 
and  7  reveals  that  the  discharge  of  the  probes 
is  associated  with  the  propagation  of  the  SCW 


(the  IPs  discharged  at  pressures  of  40-50  MPa). 
Moreover,  the  magnitude  and  constant  rate  of 
discharge  of  the  IPs  from  —90  to  —40  ps  in 
Figures  6  and  7  are  in  accord  with  the  SCW  data 
from  the  plastic  tube  experiment  S82  (see  value 
from  t*XI1  =  -107  ps  in  Table  3). 

The  higher  pressure  data  in  Figure  10  for  the 
downstream  transducer  locations  of  Shots  A 147 
and  A 143  show  a  plateau  at  183  and  263  MPa, 
respectively.  This  plateau  is  interpreted  as  the 
end  of  the  SCW;  increasing  pressure  at  later 
times  is  associated  with  the  convective  combus¬ 
tion  front  and  its  fluidized  bed.  With  this  inter¬ 
pretation,  the  breadth  of  the  SCW  is  calculated 
to  be  roughly  42  mm  for  A 143  and  35  mm  for 
A 147.  These  values  are  consistent  with  thf 
length  of  the  SCW  from  both  radiographs  of 
S82  (see  Figure  4)  and  the  second  radiograph  of 
S74  (see  Figure  3). 

The  higher  pressure  data  for  the  downstream 
transducer  for  Shot  A 142  show  a  distinctly  dif¬ 
ferent  response  than  the  downstream  trans¬ 
ducer  from  Shot  A 143  (Figure  10).  Since  the 
A 142  transducer  is  closer  to  the  location  where 
detonation  began,  its  output  is  representative 
of  the  pressure  growth  within  the  SCW  until  the 
onset  of  detonation.  Thus,  the  increase  in  pres¬ 
sure  at  - 18  ps  is  interpreted  as  pressure  build¬ 
up  from  compressive  reaction  (stage  4  of  Table 
1)  originating  within  the  compacted  bed. 
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Fig.  10.  Pressure-time  data  from  downstream 
locations  in  steel  tube  experiments  with  WC‘231. 
(Shot  A142:  x*  =  — 58  mm;  Shot  A143: 
x*  =  —80  nun;  Shot  A 147:  x*  =  -87  mm) 

DISCUSSION 

The  experimental  data  from  the  plastic  tube 
and  steel  tube  experiments  have  provided  quan¬ 
titative  insight  concerning  the  parameters  and 
processes  associated  with  the  predetonation 
period.  These  data  will  be  discussed  with  refer¬ 
ence  to  the  stages  of  the  DDT  mechanism  out¬ 
lined  in  Table  1. 

Pre-ignition  Stage 

Both  flash  radiographic  data  (plastic  tube) 
and  pressure  transducer  data  (steel  tube)  have 
identified  the  pressure  levels  associated  with 
pre-ignition  gas  loading  of  the  propellant  col¬ 
umn,  Elban  has  reported  for  WC  231  the  stress 
-%  TMD  relationship  (to  90%  TMD)  for  quasi¬ 
static  loading  conditions  (4).  The  %  TMD  and 
pressure  of  the  WCW  in  the  plastic  tube  are  con¬ 
sistent  with  Elban’s  quasi-static  data.  However, 
data  from  the  earlier  radiograph  of  Shot  S74 
suggest  a  significant  strain  rate  effect  (similar 
to  that  reported  for  WC  231  in  Ref.  5)  during 
compaction  associated  with  the  growth  of  the 
SCW.  Finally,  a  correlation  of  Elban’s  data  and 
data  from  the  plastic  and  steel  tube  experiments 
suggests  that  in  the  steel  tubes  a  reduction  in 
%  TMD  associated  with  the  WCW  may  occur 
because  of  a  greater  wall  frictional  component. 


The  pressure-time  data  from  the  steel  tube  ex¬ 
periments  indicate  that  the  type  of  ignitor  did 
not  affect  appreciably  the  densification  of  WC 
231  in  the  pre-ignition  period.  However,  the 
data  confirm  the  possibility  that  under  mild  ig¬ 
nitor  pressurization  gas  can  flow  downstream 
during  the  pre-ignition  stage.  Our  data  indicate 
that  at  50  mm  from  the  propellant  interface  the 
maximum  gas  pressure  would  be  about  2  MPa 
before  significant  compaction  of  the  bed  oc¬ 
curred  and  choked  off  further  gas  flow. 

Ignition/Conductive  Burning  Stage 

With  the  current  diagnostic  instrumentation, 
the  only  useful  information  defining  a  time  of 
ignition  comes  from  the  pressure-time  data  from 
the  ignition  region.  With  the  regular  ignition 
system,  the  data  in  Figure  8  can  be  used  to  es¬ 
timate  a  value  with  an  uncertainty  of  50  gs.  It 
would  appear  that  a  larger  uncertainty  would 
be  associated  with  any  value  from  the  F.V.  ig¬ 
nition  system  data  in  Figure  8. 

Convective  Burning  Stage 

Flash  radiographic  data  have  outlined  the 
growth  of  the  zone  burning  convectively  and  also 
provided  some  rough  estimate  of  the  amount  of 
the  original  column  involved  in  convective  burn¬ 
ing  at  various  times.  The  onset  of  convective 
combustion  produces  extensive  compaction  and 
the  propagation  of  a  SCW  which  grows  in 
strength  (pressure  level)  with  time.  The  radio- 
graphic  data  summarized  in  Table  3  illustrate 
this  evolving  process.  Knowledge  of  the  extent 
of  compaction  and  pressure  levels  in  this  table 
have  aided  in  the  interpretation  of  the  pressure¬ 
time  records  in  the  steel  tube  experiments.  Thus, 
the  maximum  pressure  associated  with  the  SCW 
was  estimated  to  be  183  and  262  MPa,  respec¬ 
tively,  for  locations  of  87  and  80  mm  before  the 
onset  of  detonation  (Figure  10).  Both  are  in  fair 
agreement  with  an  estimated  pressure  of  139 
MPa  at  a  x*  value  of  —96  mm  for  Shot  S82 
(Table  3).  Also,  the  response  of  the  ionization  pro¬ 
bes  have  outlined  the  propagation  path  of  the 
SCW  and  its  velocity.  From  these  measurements 
and  the  data  in  Figure  5,  it  appears  that  the  early 
portion  of  the  buildup,  just  before  and  after  the 
onset  of  convective  combustion,  occurs  in  a 
much  smaller  region  of  the  column  for  the  steel 
tube  experiments  (relative  to  the  plastic  tube). 
This  is  responsible,  in  large  part,  for  the  smaller 


I  values  in  steel  tubes. 

Compressive  (Hot  Spot)  Burning  Stage 

Compressive  burning  (or  reaction)  occurs 
within  the  SCW  region  in  this  stage.  While  there 
was  not  direct  evidence  of  this  stage  in  the 
plastic  tube  data  there  was  evidence  of  this  reac¬ 
tion  in  the  pressure-time  records  from  the  steel 
tube  experiments.  In  the  data  of  Figure  10,  the 
pressure  of  the  SCW  has  increased  from  x*  loca¬ 
tions  of  -80  to  -58  mm  (regular  ignition 
system)  as  has  also  dP/dt  at  the  front  of  the 
SCW.  Moreover,  the  later  time  data  at  -58  mm 
indicate  compressive  reaction  which  occurred 
after  -18  pis.  Sandusky  (6)  has  found  a  relation¬ 
ship  between  the  time  necessary  for  the  onset 
of  compressive  reaction  and  the  shock  (compac¬ 
tion)  pressure  (an  extension  of  that  work  is 
reported  in  these  proceedings  (12)).  For  an  essen¬ 
tially  squar  e  pulse  pressure  loading  of  200  MPa, 
WC  231  should  show  compressive  reaction  after 
~  1 7  pis  (6).  Since  the  pressure  loading  from  con¬ 
vective  burning  can  be  considered  a  ramp 
loading  (131,  the  time  to  reaction  at  200  MPa 
within  the  SCW  should  be  greater  than  17  pis. 
A  reaction  delay  time  of  20  to  25  pis  is  consis¬ 
tent  with  the  late  response  of  the  downstream 
transducer  of  Shot  A 142  in  Figure  10  and  the 
accelerating  response  times  of  ionization  probes 
at  less  than  -15  pis  (see  Figures  6  and  7). 
Moreover,  it  is  believed  that  it  is  this  com¬ 
pressive  (reaction)  burning  which  is  responsible 
for  changing  the  SCW  into  a  propagating  shock 
wave  which  ultimately  drives  the  WC  231  pro¬ 
pellant  to  detonation.  In  Figure  6  a  hypothetical 
path  has  been  drawn  to  show  this  late  time  com¬ 
pressive  reaction  within  the  SCW  region. 
Evidence  of  extensive  compressive  reaction  with¬ 
in  the  SCW  can  be  found  in  the  photographic 
recording  of  a  90/10  HMX/Al  DDT  experiment 
(9),  inferred  from  the  tnanganin  pressure  records 
of  DDT  experiments  with  95/5  RDX/wax  (see 
Figure  3C  in  Ref.  14),  and  seen  in  the  strain  gage 
data  of  earlier  steel  tube  DDT  experiments  (see, 
for  example,  Ref.  1 1 ). 

Shock  Wave  Through  Detonation  Stages 

The  later  stages  of  the  DDT  process  are  essen¬ 
tially  those  associated  with  the  shock  initiation 
(or  SDT)  process.  The  ionization  probe  data  in 
Figures  6  and  7  and  the  photographic  data  in 


Figure  5  outline  the  accelerating  shock  wave  and 
the  SDT  process.  A  comparison  of  these  data 
suggests  (based  upon  reaction  front  velocities) 
that  the  buildup  is  relatively  slower  in  the  plastic 
tube.  This  is  expected  because  of  the  effect  of 
confinement  on  compressive  reaction  and  the  at¬ 
tainment  of  a  transition  to  detonation  (12). 
However,  when  comparing  the  ionization 
response  times  of  the  steel  tube  experiments  for 
the  two  ignition  systems,  the  data  in  Figures  6 
and  7  seem  to  indicate  that  the  buildup  beyond 
the  linear  regions  occurs  more  quickly  for  the 
regular  ignition  system,  f his  feature  may  result 
from  a  retardation  of  compressive  reaction  (in 
stages  4  and  6  of  Table  1)  due  to  the  presence 
of  significant  amounts  of  combustion  gases  in 
the  pores  of  the  WC  231  columns  in  the  F.V.  ex¬ 
periments.  Data  supporting  this  hypothesis  can 
be  found  in  the  SDT  study  of  Chick  (15).  He 
found  that  the  shock  pressure  needed  to  initiate 
60%  TMD  columns  of  HMX  (in  a  two  dimen¬ 
sional  gap  experiment)  was  dramatically  increas¬ 
ed  as  the  initial  interstitial  gas  presure  was  rais¬ 
ed  from  0.1  MPa  to  7  MPa;  the  particle  size  of 
the  HMX  and  composition  of  the  gas  influenc¬ 
ed  the  degree  of  desensitization.  Thus,  the  ionger 
pre-ignition  period  for  the  F.V.  experiments  may 
help  to  retard  the  compressive  reaction  of  the 
DDT  process. 

CONCLUSIONS 

The  WC  °31  reloading  propellant  follows  a 
MODE  I  DDT  process  (S),  exhibiting  extensive 
convective  combustion  during  the  buildup  pro¬ 
cess.  The  use  of  a  weaker  (low  dP/dt)  ignition 
system  led  to  a  slightly  longer  distance  to 
detonation  in  steel  tubes.  The  longer  pre-ignition 
time  period  with  this  weaker  ignitor  can  lead  to 
more  gas  flow  into  the  granular  bed.  It  is 
postulated  that  this  gas  pressure  (less  than  2 
M  Pa  at  50  mm  into  the  bed)  produces  a  retarda¬ 
tion  of  compressive  (hot  spot)  reaction  during  the 
later  stages  of  the  DDT  process- 

A  consistent  and  reproducible  set  of  predet¬ 
onation  parameters  has  been  generated,  from 
both  the  plastic  and  steel  tube  results,  using  the 
time  and  location  of  the  onset  of  detonation  as 
a  common  reference  point.  For  WC  23  i  the  ex¬ 
tent  of  pre-ignition  compaction  appears  to  be 
small  (increase  in  %  TMD  from  50%  to  about 
60%)  and  of  similar  magnitude  for  both  ignition 
systems.  Flash  radiographic  data  from  the  plastic 


tube  experiments  have  outlined  the  growth  of  the 
strong  compressive  wave  (SCW).  Pressure  data 
from  the  steel  tube  experiments  have  indicated 
the  pressure  levels  associated  with  the  prop¬ 
agating  SCW.  The  pressure  data  have  also  been 
interpreted  as  showing  the  presence  of  com¬ 
pressive  reaction  occurring  within  the  SCW.  This 
compressive  reaction  appears  to  be  responsible 
for  the  formation  of  the  accelerating  shock  v/ave 
which  has  been  detected  just  prior  to  the  onset 
of  detonation. 

The  large  difference  in  l  values  between  the 
steel  and  plastic  tubes  indicates  the  important 
influence  of  confinement  for  the  convective  burn¬ 
ing  stage.  Thus,  the  plastic  tube  data  appear  in¬ 
appropriate  for  comparisons  with  predictions 
from  one-dimensional  modeling  codes  of  DDT  or 
the  convective  burning  stage. 
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NOMENCLATURE 


F.V. 

Free  volume  (ignitor) 

/ 

Predetonation  column  length,  min 

PE 

Piezoelectric  (transducer) 

SCW 

Strong  compressive  (compaction)  wave 

X 

Distance  along  original  porous  column 
relative  to  propellant  interface,  mm 

x* 

x  -  mm 

t 

Ti.  ie  relative  to  response  of  optical 
fiber/photodetector  at  propellant  inter¬ 
face,  ps 

lI) 

Time  of  onset  of  detonation  relative  to 
response  of  optical  fiber/photodetector, 
ps 

t* 

t  -  tD,  ps 

lXR 

Time  of  flash  radiograph  relative  to 
response  of  optical  fiber/photodetector, 
ps 

TMD 

Theoretical  maximum  density,  g/cc 

u  Particle  velocity,  mm/ps 

U  Shock  (compaction)  front  velocity, 

mm/ps 

WCW  Weak  compressive  (compaction)  wave 
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DISCUSSION 

HERMAN  KRIER,  Univeristy  of  Illinois 

I  wonder  whether  your  granular  material  (WC 
231)  was  so  porous  (i.e.,  has  %  TMD  ranging 
from  50-60%)  that  the  insensitivity  to  the  igni¬ 
tion  process  (dp/dt  at  early  time)  would  not  be 
observed  for  a  less  porous  material  “of  the  same 
type.”  Based  on  your  earlier  published  paper, 
with  other  granular  explosives,  have  you  not 
shown  that  the  shock-like  initiation  can  change 
the  DDT  runup  length? 

REPLY  BY  R.  BERNECKER 

The  pressurization  rate  in  the  earlier  stages  of 
the  DDT  process  will  definitely  depend  upon  the 
%  TMD  of  the  charge  (as  reflected  through 
changes  in  permeability  and  compressibility  of 
the  porous  column).  The  “insensitivity  of  the  ig¬ 
nition  process”  for  50%  TMD  WC  231  makes 
these  data  more  useful  for  numerical  modeling 
comparisons  since  one  important  experimental 
variable  (gas  loading  by  the  ignition  system)  can 
essentially  be  neglected.  For  the  second  question, 
the  answer  is  yes.  The  predetonation  column 
length  is  affected  both  by  convective  combustion 
and  compressive  (hot  spot)  combustion.  In 
earlier  detailed  studies,  the  comparisons  were 
between  different  materials  (i.e.,  HMX  vs. 
tetryl).  Here,  we  are  concerned  with  changes 
(although  they  are  small)  in  compressive  reaction 
characteristics  for  the  same  material. 


MODELLING  OF  DDT  IN  GRANULAR  EXPLOSIVES 


H.  J.  Verbeek 

Prins  Maurits  Laboratory  TNO 
P.O.  Box  45,  2280  AA  Rijswijk 
The  Netherlands 


A  description  is  given  of  the  set  up  of  the  DDT  model  that  is  being 
developed  at  PML.  The  results  of  two  types  of  simulation  are 
presented  and  the  merits  and  shortcomings  of  the  model  are  dis¬ 
cussed.  Finally  it  is  indicated  where  the  code  needs  improvement  and 
in  what  direction  the  model  will  be  further  developed. 


INTRODUCTION 

During  the  last  two  decades  the  interest  in 
DDT  (deflagration  to  detonaf  ion  transition)  has 
steadily  grown.  The  reasons  i-  r  this  are  on  the 
one  hand  the  higher  demands  on  the  perfor¬ 
mance  and  reliability  of  explosive  materials  in¬ 
cluding  a  lower  vulnerability  of  ammunition  and 
on  the  other  hand  the  development  of  new  types 
of  highly  energetic  materials  with  a  higher 
tendency  to  DDT.  At  first  the  greater  part  of 
the  research  on  DDT  concentrated  on  the  ex¬ 
perimental  investigation  of  the  phenomenon 
(see  e.g.  refs.  (1),  (2),  (3) ),  but  in  recent  years  also 
more  and  more  work  is  being  done  in  the  field 
of  computer  simulation  of  the  process  (see  e.g. 
ref.  (6)  ).  This  development  is  strongly  stimu¬ 
lated  by  the  ever  increasing  performance/cost 
>  "uo  of  modern  computer  systems.  The  advan¬ 
tage  of  using  a  computer  code  is  that  many 
more  parameters  can  be  observed  in  a  simula¬ 
tion  than  in  an  experiment  while  they  also  can 
be  monitored  continuously,  both  in  time  and  in 
space.  Simulations  can  be  carried  out  in  a  much 
shorter  time  and  at  much  lower  cost  than  ex¬ 
periments  while  the  ease  of  parameter  variation 
is  infinitely  larger.  On  the  other  hand  the  time 
and  cost  needed  for  the  development  of  a  reli¬ 
able  code  can  be  considerable,  while  it  will  still 
remain  necessary  to  perform  a  limited  number 
of  experiments  parallel  to  the  simulation  to  com¬ 
pare  the  results  with  the  predictions  of  the  code. 
Besides,  as  input  for  the  code  the  values  of  a 
number  of  parameters  are  needed  that  are  often 
unknown  and  have  to  be  measured  in  separate 


experiments.  This  problem  tends  to  become 
more  severe  for  more  detailed  simulations. 

In  view  of  the  above  at  PML  a  combined  DDT 
program  has  been  set  up,  consisting  of  an  ex¬ 
perimental  part  in  which  a  standard  DDT  te3t 
is  being  developed  and  a  simulation  part  com¬ 
prising  the  development  of  a  computer  code. 
After  completion  of  the  development  stage  both 
parts  will  be  clcsely  linked  In  this  presentation 
a  description  will  be  given  of  the  set-up  of  the 
simulation  together  with  its  first  results. 

THEORETICAL  BASIS 

The  modelling  of  a  DDT  process  is  in  fact  a 
very  complex  matter.  For  the  solid  compo- 
nent(s)  in  principle  a  description  has  to  be  given 
of  heat  conduction  processes,  of  the  propagation 
of  shock  waves  with  the  corresponding  elastic 
and  plastic  deformation,  of  the  phase  transi¬ 
tions  and  chemical  reactions  that  occur,  while 
also  the  geometrical  shape  and  the  movement 
of  the  grains  have  to  be  specified.  Most  of 
the  processes  given  above  also  have  to  be 
modelled  for  the  various  gaseous  components. 
This  has  to  be  supplemented  by  a  description 
of  the  mutual  friction  and  the  exchange  of  heat 
between  the  components.  Also  the  interaction 
with  the  inert  material  that  is  present  (e.g.  the 
wall  of  a  tube)  has  to  be  modelled.  In  the  DDT 
process  the  relevant  tim6  intervals  can  diverge 
from  50  ns  till  several  milliseconds,  the  typical 
distances  vary  from  10  pm  till  hundreds  of  mms, 
the  speeds  of  the  various  processes  can  diverge 
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TABLE  1 

Equations  Used  in  the  Simulation 


from  0,01  mm/ps  til!  10  mmlfjs  while  typical  The  usual  way  to  tackle  this  problem  is  by 
pressures  range  from  0,1  MPa  till  50  GPa.  treating  the  system  as  a  fluid  mature  of  two 

separate  components,  being  the  solid  (unre- 
From  the  above  it  follows  that  for  a  precise  acted)  explosive  and  the  gaseous  rea.  tion  prod- 

modelling  of  the  DDT  process  the  use  of  tens  ucts.  This  treatment,  originating  from  the 

of  thousands  of  time  levels  and  of  at  least  an  multi-phase  fluid  flow  community,  has  been 

equal  number  of  mosh-points  in  the  calculations  pioneered  for  explosive  materials  especially  by 

would  be  needed,  requirements  far  beyond  the  Kuo  (4),  Gough  (5)  and  Krier  (6),  of  which  the  first 

reach  of  even  the  most  powerful  su^er-  two  specialize  in  the  convective  burning  regime 

computer.  To  create  a  workable  code  therefore  while  the  latter  also  takes  into  account  the  tran- 

a  lot  oi  simplifications  and  approximations  have  sition  to  the  detonation  stage.  The  method  con- 

to  be  applied.  sists  of  composing  a  system  of  differential 
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TABLE  2 

Values  of  Some  Input  Parameters  Used  in  the  Code 


Symbol 

Description 

Value 

$0 

initial  porosity 

dpO 

initial  particle  diameter 

epo 

initial  particle  density 

1900  kg/m3 

ego 

initial  gas  density 

1  kg/m3 

Tg0 

initial  gas  temperature 

294  K 

Tp0 

initial  particle  temperature 

294  K 

Cvg 

specific  heat  of  gas  phase 

1570  J/kg/K 

cvp 

specific  heat  of  solid  phase 

1000  J/kg/K 

Ecoinb 

combustion  energy 

6,2  MJ/kg 

a 

covolume 

4.1 0— 3  m3/kg 

kP 

solid  bulk  modulus 

14,3  GPa 

n 

exponent 

equations  which  is  solved  by  a  finite-difference 
procedure.  The  set  of  equations  consists  of  the 
conservation  laws  of  mass,  momentum  and 
energy  for  each  phase.  To  this  set  are  udded  a 
number  of  constitutive  equations  among  which 
are  the  equations  of  state  for  each  phase  and 
some  equations  describing  the  interaction 
term3.  By  this  method  a  large  number  of  details 
in  the  process  are  discarded.  It  is  hoped  that  by 
using  a  careful  averaging  method  in  the  deriva¬ 
tion  of  the  equations  the  influence  of  the  micro¬ 
processes  is  correctly  accounted  for.  The  models 
reported  at  present  in  the  literature  mainly  dif¬ 
fer  in  the  way  the  averaging  methods  are  car¬ 
ried  out  and  the  value  the  various  authors  at¬ 
tach  to  the  influence  of  specific  details. 

The  model  that  is  under  development  at  PML 
is  based  on  the  separated-flow  approach  used 
e.g.  by  Krier  (6).  The  equations  used  are  given 
in  Table  1.  In  these  equations  the  basic  indepen¬ 
dent  variables  are  the  density,  temperature  and 
velocity  of  the  gas  and  the  particle  phase 
represented  by  the  symbols  Qg,  Tg  and  vg  for 
the  gas  phase  and  pp,  Tp  and  vp  for  the  solid 
phase,  supplemented  by  the  porosity  $  (volume 
fraction  of  the  gas)  and  the  particle  diameter  dp. 
The  other  variables  used  are  derived  quantities 
which  are  coupled  to  the  other  ones  via  the  equa¬ 
tions  of  state  (for  the  pressures  Pg  and  Pp  of  the 
two  phases)  or  the  other  constitutive  equations 
(as  the  exchange  terms  of  mass,  momentum  and 
heat  rpg,  Fgp  and  Qgp  resp.).  Equations  (1)  and 


(2)  represent  the  conservation  laws  of  mass  for 
each  component,  eqs.  (3)  and  (4)  the  conserva¬ 
tion  laws  of  momentum  and  eqs.  (5)  and  (6) 
stand  for  the  conservation  laws  of  energy. 
Equation  (7)  describes  the  variation  of  the  par¬ 
ticle  diameter.  The  equations  of  state  for  both 
phases  appear  next,  eq.  (8)  being  a  Nobel-Abel 
type  of  equation  for  the  gas,  eq.  (9)  a  Tail  type 
of  equation  for  the  solid.  The  total  stress  in  the 
solid  is  considered  to  be  the  sum  of  the  gas 
pressure  and  an  extra  term  Tp  which  represents 
the  stress  in  the  solid  due  to  static  and  dynamic 
compression  of  the  particle  matrix  (eqs.  (10)  and 
(11).)  This  last  equation,  not  explicitly  given 
here,  is  based  on  the  pore-collapse  model  of  Car- 
roll  and  Holt  (7),  recently  further  elaborated  by 
Frey  (8).  The  system  of  equations  is  completed 
by  expression  (12)  for  the  burning-rate  law,  by 
the  Ergun  relation  (eq.  13)  describing  the  inter¬ 
phase  drag  and  by  the  Denton  relation  (eq.  14) 
which  gives  the  interphase  heat  exchange  (the 
Inst  two  not  explicitly  given  here). 

NUMERICAL  SOLUTION 

This  system  of  equations  is  solved  numerical¬ 
ly  by  means  of  a  finite  difference  procedure.  To 
overcome  the  instability  problems  encountered 
usually  when  treating  steep  shock  fronts  the 
so  called  F(lux)  C(orrected)  T(ransport)  method 
of  Boris  and  Book  (9)  was  adopted.  In  this 
method  the  instabilities  are  smeared  out  by 
means  of  an  (explicit  or  implicit)  artificial 
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viscosity  term,  which  is  only  active  in  the 
neighbourhood  of  a  sharp  transition  and  not 
outside  that  region.  This  method  gives  an  ex¬ 
cellent  shock  description  for  many  systems  of 
equations,  but  is  in  itself  not  appropriate  to  ac¬ 
count  for  the  influence  of  the  large  source  terms 
occurring  in  our  case.  Such  systems  of  so  called 
“stiff”  equations  should  in  fact  be  handled 
either  by  making  the  time  step  very  small  or  by 
using  an  implicit  solution  method,  in  both  cases 
requiring  an  unacceptable  amount  of  computer 
time.  In  our  code  this  problem  is  solved  by  using 
a  semi-implicit  method  in  which  in  one  or  two 
iterations  a  reasonable  estimate  of  the  correct 
solution  is  given  with  an  acceptable  increase  in 
computer  time. 


Fig.  1.  Pressure  profiles  in  the  tube  after  ther¬ 
mal  initiation  at  different  points  of  time  (times 
in  microsecoi  ds) 


Fig.  2.  Distance-time  plots  for  the  flame  front 
and  the  location  in  the  tube  where  the  pressure 
is  at  its  maximum 


RESULTS 

Up  to  the  present  two  kinds  of  simulation  ex¬ 
periments  have  been  performed  with  the  code. 
In  these  calculations  a  closed  {1 -dimensional) 
tube  filled  with  the  explosive  HMX  at  70% 
TMD  is  simulated.  The  values  of  most  con¬ 
stants  used  in  the  program  are  given  in  Table 
2.  In  the  first  type  of  simulation  a  purely  ther¬ 
mal  initiation  is  applied  by  suddenly  heating  the 
first  two  cells  with  an  external  source  to  a  gas 
temperature  of  3300  K,  thereby  igniting  the  par¬ 
ticles  in  these  cells.  Next  an  initially  quiet,  slow¬ 
ly  accelerating  convective  combustion  is 
generated,  until  after  some  50  gs  a  pressure 
peak  arises  well  behind  the  flame  front  and  near 
the  front  of  the  tube  (see  Fig.  1).  This  pressure 
peak  steepens  and  approaches  the  flame  front, 
causing  a  sharp  acceleration  of  the  front  until 
a  detonation-like  velocity  of  69  wmlgs  is  reached 
(see  Fig.  2).  This  value  is  close  to  the  estimated 
value  of  72  mmlgs  obtained  from  calculations 
with  the  TIGER  code.  Also  the  values  of  14 
GPa  for  the  pressure  and  3200  K  for  the 
temperature  reached  at  the  end  of  the  reaction 
zone  (corresponding  to  the  point  where  the 
porosity  attains  the  value  1,  see  Fig.  3)  approach 
the  TIGER  values  of  18  GPa  for  the  CJ  detona¬ 
tion  pressure  and  3000  X  for  tie  CJ 
temperature.  Besides,  at  the  end  of  the  tube  the 
process  is  not  yet  in  a  steady  state;  the  velocity 
is  still  slowly  increasing  as  well  as  the  pressure, 
so  it  is  expected  that  simulations  for  a  longer 
tube  would  result  in  values  closer  yet  to  tb  ; 
CJ  ones. 


Fig.  3.  Porosity  profiles 
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In  the  second  type  of  simulation  experiment 
the  striking  of  the  tube  by  a  shock  is  simulated 
by  strongly  raising  the  pressure  of  the  first  two 
cells  during  a  time  interval  of  10  ps.  The  result 
is  that  below  a  shock  strength  of  approximately 
0,1  GPa  no  initiation  occurs  and  the  shock 
gradually  decays,  while  above  that  value  the 
shock  passes  into  the  “detonation”  stage 
described  above  (sp“  Figs.  7  and  8).  The  value 
of  0.3  GPa,  however,  is  much  lower  than 
expected. 

DISCUSSION  OF  THE  RESULTS 

Although  the  overall  development  of  the  pro¬ 
cess  shows  a  reasonable  conformity  with  the  ex 
perimental  results,  a  closer’  look  at  the  results 
reveals  the  existence  of  a  number  of  serious 
shortcomings.  In  the  first  place  the  final  state 
reached  is  still  not  a  correct  description  of  a 
detonation,  for  one  thing  because  the  width  of 
the  reaction  zone  (±  50  mm)  is  two  orders  of 
magnitude  larger  than  for  a  real  detonation. 
Moreover,  the  temperatures  reached  in  the  reac¬ 
tion  zone  are  unrealistically  high  (see  Fig.  6).  A 
further  drawback  is  that  the  transition  to  the 
“detonation”  stage  is  insufficiently  sharp,  in 
contrast  to  the  discontinuous  acceleration 
usually  observed  in  experiments. 

The  main  reason  for  the  insufficiencies  of  the 
code  appears  to  be  the  mechanism  of  initiation 
of  the  reaction.  While  in  the  initial  stage  the  par¬ 
ticles  are  ignited  by  means  of  convective  heat 
transport,  in  the  next  stage  the  ignition  is 
dominated  by  the  mechanism  of  compressive 
heating  of  the  gas  phase  and  subsequent  heat 


Fig.  7.  Pressure  profiles  after  initiation  by  a 
shock  of  0,36  GPa 


673 


transfer  from  gas  to  solid  phase.  Although  this 
process  is  faster  than  the  convective  heating 
mechanism  it  is  still  an  indirect  ignition  process 
and  as  such  much  slower  than  direct  processes 
as  compressive  heating  and  shear  heating  of  the 
particles  which  are  believed  to  dominate  the 
shock-initiation  process  (see  e.g.  ref.  (8)  ).  Ap¬ 
parently  the  code  is  not  yet  capable  to  give  a 
fair  description  of  these  direct  processes, 
thereby  explaining  the  excessive  length  of  the 
reaction  zone  (the  fact  that  the  model  cannot  ac¬ 
count  for  the  process  of  shear  heating  is  not  sur¬ 
prising  because  such  a  model  was  not  built  in¬ 
to  the  code;  it  should,  however,  be  capable  of 
describing  the  compressive  heating  of  the  par¬ 
ticles).  Also  the  unduly  high  sensitivity  to  in¬ 
itiation  by  shock  shows  that  the  handling  of 
shock  processes  is  still  incorrect. 


Fig.  8.  Distance-time  plots  for  flame  front  and 
pressure  maximum  after  shock  initiation 


FURTHER  DEVELOPMENT  OF 
THE  CODE 

From  the  above  analysis  it  can  be  concluded 
that  the  most  important  object  for  improve¬ 
ment  of  the  code  is  the  shock  initiation  stage. 
It  has  to  be  emphasized  here  that  the  aim  of  the 
code  is  not  a  detailed  description  of  the  detona¬ 
tion  stage.  For  this  purpose  a  number  of  other 
codes  are  available.  The  main  goal  of  a  DDT  pro¬ 
gram,  however,  is  to  correctly  predict  under 
what  circumstances  and  in  which  time  interval 
the  point  of  no  return  is  reached,  i.e.,  the  point 
where  the  final  acceleration  to  detonation  sets 
in.  To  be  able  to  give  such  a  description, 


however,  it  is  of  crucial  importance  that  a  cor¬ 
rect  account  of  the  shock  initiation  process  is 
given,  which  should  also  result  in  at  least  a 
reasonable  description  of  the  detonation  stage. 

Another  important  factor  in  DDT  modelling 
is  to  give  a  good  description  of  the  interaction 
with  the  surroundings.  The  tendency  to  DDT 
is  not  merely  a  property  of  the  explosive  itself 
but  is  a  property  of  the  whole  explosive  system; 
the  strength  and  possible  failure  of  the  confine¬ 
ment  of  the  explosive  are  extremely  important. 
It  is  in  fact  only  possible  to  give  a  reasonable 
account  of  the  influence  of  the  surroundings  by 
UMng  a  two-  or  three-dimensional  code.  In  the 
end  a  DDT  code  will  have  to  be  at  least  a  two- 
dimensional  one  in  order  to  be  able  to  give 
reliable  results. 

In  view  of  the  above  the  work  on  the  develop¬ 
ment  of  the  code  at  PML  is  concentrated  on 
refining  the  description  of  the  shock-initiation 
process.  In  this  respect  an  improvement  of  the 
equations  of  state  is  considered  while  also  a 
reconsidering  of  certain  terms  in  the  conserva¬ 
tion  equations  should  be  worthwhile,  but  in  our 
view  the  most  important  point  is  to  reach  a  bet¬ 
ter  description  of  the  heat  transport  and  chem¬ 
ical  processes  in  and  around  the  solid  particles 
as  well  as  an  improvement  of  the  pore  collapse 
model.  In  the  present  situation,  where  the  pro¬ 
cesses  are  described  by  only  the  particle 
temperature  parameter  and  a  single  reaction  rate 
it  is  not  possible  to  correctly  account  for  the  ef¬ 
fects  of  the  various  ignition  processes.  In  fact 
a  good  description  of  the  temperature  profile  in 
the  particles  and  a  more  complex  model  for  the 
chemical  reactions  is  needed.  Since  the  strong 
decrease  in  mesh-size  in  the  code  needed  to  take 
actual  account  of  the  temperature  profile  exceeds 
the  available  computer  power,  at  present  at  PML 
work  is  going  on  to  give  a  simplified  description 
of  the  temperature  profile  by  the  mere  introduc¬ 
tion  of  one  or  two  extra  parameters.  Another  ad¬ 
dition  to  the  code  will  probably  be  the  introduc¬ 
tion  of  an  extra  pyrolysis  reaction,  which  will 
considerably  increase  the  degree  of  acceleration 
from  the  convective  burning  stage  to  the  detona¬ 
tion  stage  as  was  demonstrated  by  Boggs  et  al. 
(10).  Further,  in  due  time  the  code  will  be  con¬ 
verted  into  a  two-dimensional  one,  which  prob¬ 
ably  will  not  cause  large  problems  since  during 
the  set-up  of  the  original  code  a  later  extension 
to  two  dimensions  was  anticipated. 


674 


CONCLUSIONS 

In  some  qualitative  and  quantitative  aspects 
the  results  of  the  present  model  are  in 
reasonable  agreement  with  the  outcome  of  DDT 
experiments.  In  other  aspects,  the  most  impor¬ 
tant  of  which  is  the  description  of  the  shock- 
initia'  ion  stage,  however,  considerable  improve¬ 
ment  of  the  code  is  needed.  The  present  work 
on  the  further  development  of  the  model  at 
PML  therefore  concentrates  on  attaining  a  bet¬ 
ter  description  of  the  thermal  and  chemical  pro¬ 
cesses  in  the  solid  phase  which  are  the  domi¬ 
nating  factors  in  the  shock-initiation  process. 
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DISCUSSION 

M.  R.  BAER  and  J.  W.  NUNZIATO, 
Sandia  National  Labs 

At  Sandia  National  Labs.,  we  have  been  stud¬ 
ying  DDT  in  granular  explosives  (ref  1-4)  using 
an  approach  quite  similar  to  the  one  presented 
in  this  paper.  We,  too  use  a  model  that  is  based 
on  a  multiphase  flow  theory  that  is  generalized 
to  allow  complete  nonequilibrium  descriptions 
of  the  mixture  phases.  In  our  work,  we  include 
the  compressibility  of  each  phase,  the  effect  of 
pressure  nonequilibrium,  and  use  a  rate-de- 
pendent  model  of  compaction. 

Our  early  predictions  for  the  explosives  HMX 
and  CP  are  similar  to  those  seen  in  this  current 
work,  which  is  perhaps  due  to  similar  choices 
of  the  constitutive  models.  However,  we  have 
modified  many  of  these  models  as  influenced  by 
experimental  observations  (see  ref.  3).  For  ex¬ 
ample,  we  use  experimentally-determined, 
porous  bed  permeabilities  that  are  considerably 
different  from  those  predicted  by  many  of  the 
packed-bed  correlations.  We  have  also  found 
that  it  is  very  important  to  use  appropriate 
equations  of  state  for  the  gas  (i.e.  JWL)  and 
solid  phases  as  constructed  using  experimental 
Hugoniot  and  thermochemical  data.  Many  more 
aspects  of  the  combustion  physics  warrant  con¬ 
tinued  study  as  guided  by  experimental 
observations. 

It  was  gratifying  to  see  additional  numerical 
work  which  uses  the  VCT  finite  difference 
method  with  an  appropriate  numerical  scheme 
which  can  cope  with  the  inherent  stiffness  of  the 
model  descriptions.  We  use  the  FCT  method  to 
resolve  the  multiphase  transport  processes  and 
employ  a  stiff  ODE  method  to  resolve  phase  in¬ 
teraction.  These  separate  methods  are  unified 
using  a  fractional  step  approach.  In  our  latest 
work,  we  have  expanded  our  DDT  model  to  two- 
dimensions  using  the  forementioned  methods. 
We  have  seen  that  this  approach  is  robust,  is 
free  from  unphysical  numerical  artifacts  and  is 
computationally  efficient  which  allows  us  to 
continue  to  expand  the  combustion  physics  (e.g. 
pyrolysis).  As  an  example,  we  have  included  a 
calculation  which  shows  the  temporal  variations 
of  total  pressure  and  solid  volume  fraction  as 
the  two-phase  combustion  wave  attempts  to 
turn  a  comer  in  a  bed  of  granular  CP.  As  seen 
in  these  calculations,  a  release  wave 
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A  DDT  calculation  of  flame  spread  in  the  granular  explosive,  CP,  which  shows  the  evolution  of  the 
combustion  wave  as  it  turns  a  rigid  comer 


originates  at  the  corner  and  resulting  rarefac¬ 
tion  impedes  the  flame  spread  around  the  cor¬ 
ner.  Details  of  the  numerical  method  and  addi¬ 
tional  multidimensional  calculations  were 
recently  reported  in  reference  4. 

1.  Baer,  M.  R.  and  Nunziato,  J.  W.,  “A  Theory 
of  Deflagration-to-Detonation  Transition  in 
Granular  Explosives’',  Sandia  National 
Labs,  SAND82-0293,  1982. 

2.  Baer,  M.  R.,  Igel,  E.  A.,  Gross,  R.  J.  and 
Nunziato,  J.  W.,  “A  Study  of  Deflagration- 
to-Detonation  Transition  (DDT)  in  the 
Granular  Explosive,  CP”,  Sandia  National 
Labs,  SAND83-1929,  1984. 

3.  Baer,  M.  R.,  Nunziato,  J.  W„  and  Gross,  R. 
J.  “A  Thermal-Mechanical  Model  of  DDT 
in  Granular  Energetic  Materials”,  Proc. 
1984  JANNAF  Prop  Sys.  Hazards  Mtg., 
Aberdeen  Prov.  Grnd.,  Md.  1984. 

4.  Baer,  M.  R.,  Benner,  R.  E.,  Gross,  R.  R., 
and  Nunzi  :fo.  J.  W.  “Modeling  and  Com¬ 
putation  o«  Deflagration-to-Detonation 
DDT)  in  Reactive  Granular  Materials”, 
Proc.  1985  AMS-SIAM  Summer  Seminar 
on  Reacting  Flows:  Combustion  and  Chem¬ 
ical  Reactions,  American  Mathematical 
Society,  Prov.,  RI,  appear. 


REPLY  BY  J.  VERBEEK 

I  am  aware  of  the  work  that  is  being  done  at 
Sandia  National  Labs  on  the  subject  of  DDT 
modelling  and  I  am  pleased  to  see  the  progress 
in  the  work. 

It  is  unfortunate  that  the  latest  results  could 
not  be  presented  at  this  symposium. 
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ON  THE  MECHANISM  OF  THE  REACTION  “HOT  SPOTS” 
ORIGIN  AT  LIQUID  EXPLOSIVES  DETONATION 
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The  three-stage  model  of  the  reaction  spots  origin  at  liquid  explosives 
detonation  has  been  developed.  The  interaction  of  the  shock  wave 
front  with  the  density  non-homogeneities  in  liquid  has  been  inves¬ 
tigated  by  the  non-equilibrium  molecular  dynamic  method.  It  has 
been  revealed  that  the  passing  shock  front  changes  small  density 
negative  fluctuations  into  large  temperature  fluctuations  (overheated 
micro-regions).  The  regions  turn  into  the  decomposition  reaction  spots 
as  the  reaction  rate  inside  the  overheated  micro-reg’ons  is  5-10  orders 
of  magnitude  faster  than  that  in  the  surrounding  abstance.  During 
the  next  stage  the  further  increase  of  the  reaction  spots  takes  place 
due  to  the  decomposition  reaction  chain  nature.  In  case  the  decom¬ 
position  is  exothermic  and  if  the  spots  reach  some  proper  size,  the 
spots  further  development  will  correspond  to  the  thermal  explosion 
regularities.  The  interpretation  of  the  reaction  spots  origin  at  nitro- 
methane  detonation  has  been  proposed  in  terms  of  this  three-stage 
model. 


INTRODUCTION 

The  attention  lately  has  been  increasingly 
given  to  the  detailed  mechanism  of  detonation. 
The  development  of  new  techniques  for  explo¬ 
sive  decomposition  kinetics  investigation  (1-3) 
has  given  rise  to  many  experimental  studies  on 
the  problem  (see,  for  example,  7  th  Symposium 
(Int)  on  Detonation,  1981).  The  studies  in  their 
turn  have  provided  a  lot  of  data  and  promoted 
development  of  theoretical  considerations  on 
condensed  explosives  detonation  mechanism. 
However,  so  far  the  problem  has  not  been 
solved  yet.  In  particular,  the  question  of  nature 
of  the  reaction  “hot  spots”  origin  at  liquid 
explosives  detonation  is  still  open  (4,5). 

As  early  as  in  the  sixties  it  was  revealed  that 
the  condensed  explosives  detonation  reaction 
time  depends  very  little  on  the  detonation 
pressure  (6-8).  For  example,  the  TNT  detonation 
reaction  varied  from  1.3X10_6s  to0.2X10-6s 
in  the  detonation  pressure  interval  2.5—20.0  Gpa. 


ZND  classical  detonation  theory  (9-11)  fails  to 
interpret  the  data.  Early  in  the  seventies  a  cer¬ 
tain  concept  was  introduced  by  one  of  the 
authors  (12).  The  concept  allowed  to  get  over  the 
data  interpretation  difficulties.  The  essence  of 
the  concept  is  the  following.  The  shock  wave 
front  causes  explosives  specific  decomposition, 
the  decomposition  being  non-thermal  nature 
and  proceeds  with  a  very  fast  rate.  Snme  experi¬ 
mental  data  supporting  the  concept  have  been 
obtained  later  (13,14).  In  particular,  it  has  been 
found  out  that  under  the  shock  effect  liquid 
benzene  decomposes  easier  than  liquid  hexane 
in  spite  of  the  fact  that  the  former  is  thermally 
more  stable  than  the  latter.  At  the  time,  how¬ 
ever,  it  was  unknown  what  occured  with  the 
substance  inside  the  shock  front  and  therefore, 
the  substance  specific  decomposition  nature 
was  not  clear. 

At  the  end  of  the  seventies  the  none¬ 
quilibrium  molecular  dynamic  method  was  in¬ 
tensively  used  for  investigation  the  shock  wave 
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front  structure  and  the  mechanism  of  the 
substance  shock  compression  (15-19).  The 
results  obtained  allowed  one  to  elaborate  the 
“accumulation”  mechanism  of  the  substance 
decomposition  at  the  shock  compression  (20). 

By  the  accumulation  mechanism  one  has 
managed  to  interpret  the  benzene  easier  decom¬ 
position  in  comparison  with  that  of  hexane  (21). 
Later  the  current  interpretation  of  the  con¬ 
densed  explosives  detonation  mechanism  has 
been  proposed  (22)  on  the  background  of  the 
accumulation  mechanism. 

The  gist  of  the  accumulation  decomposition 
mechanism  consists  in  the  following.  It  is  ob¬ 
vious  that  the  shock  wave  front  kinetic  part  of 
the  shock  compression  energy  is  distributed 
behind  the  front  equally  among  all  translational, 
rotational  and  vibrational  degrees  of  freedom 
of  multiatomic  molecules.  However,  inside  the 
front,  at  first  the  energy  is  expanded  only  on 
the  translation  degrees  of  freedom,  the  latter  be¬ 
ing  considerably  overheated  in  comparison  with 
those  of  the  equilibrium  state  behind  the  front. 
Due  to  the  translational-vibrational  relaxation 
process  the  energy  of  the  translational  degrees 
of  freedi  m  is  redistributed  to  the  vibrational 
degrees  of  freedom,  at  first  the  energy  flow,  in 
general,  being  directed  towards  the  vibrational 
degrees  of  freedom  most  rapidly  excited.  If  the 
rate  of  the  energy  flow  towards  these  degrees 
of  freedom  exceeds  the  flow  rate  of  these 
degrees  energy  loss  owing  to  the  vibrational- 
vibrational  relaxation  process,  they  will  ac¬ 
cumulate  superfluid  energy.  In  other  words,  the 
energy  provided  for  all  the  inner  degrees  of 
freedom  for  some  time  will  be  concentrated  on¬ 
ly  on  a  certain  fraction  of  these  degrees  of 
freedom,  the  latter  being  overexcited  and 
decomposing  faster  in  the  shock  front  than 
behind  the  front  at  the  equilibrium  state. 

The  following  necessary  and  sufficient  condi¬ 
tions  underlie  the  accumulation  mechanism. 

1.  The  molecules  must  be  large  enough  so  that 
the  translational  degrees  of  freedom 
overheating  was  substantial. 

2.  The  excitation  rates  of  the  molecules,  hav¬ 
ing  various  vibrational  degrees  of  freedom, 
must  differ  considerably  in  order  th'  main 
energy  flow  from  the  overheated  tranla- 
tional  degrees  of  freedom  be  directed  only 
to  a  part  of  these  degrees  of  freedom 


and  as  a  result  to  cause  their  energy 
oversaturation. 

3.  The  rate  of  the  vibrational-vibrational 
energy  exhange  must  be  less  than  the  ex¬ 
citation  rate  of  degrees  of  freedom  most 
rapidly  excited.  If  even  one  of  these  condi¬ 
tions  are  not  met,  the  accumulative  mech¬ 
anism  is  not  operative.  The  mechanism  does 
not  come  into  action,  for  example,  if  the 
molecules  are  small  like  nitromethane 
molecules.  But  does  this  fact  imply  that  in 
this  very  case  the  shock  compression 
specific  action  manifests  itself?  In  other 
words,  if  we  assume  that  nitromethane  is 
compressed  and  heated  statically  and 
dynamically  (by  the  shock  wave  action)  up 
to  the  same  condition,  does  nitromethane 
decomposition  proceed  equally  in  both 
cases?  It  is  not  so  easy  to  answer  the  ques¬ 
tion  although  nitromethane  was  indeed  a 
subject  of  many  investigations  at  static  and 
dynamic  conditions. 

It  has  been  experimentally  shown  (4)  that 
nitromethane  detonation  proceeds  at  the  shock 
wave  initiation  through  formation  of  the  reac¬ 
tion  spots,  the  size  of  which  is  at  certain  condi¬ 
tions  as  large  as  10  mm.  Light  scattering  tech¬ 
nique  has  been  used  (5),  (23)  to  observe  the  spots 
at  the  initial  state  of  their  forming.  These  spots 
sizes  are  comparable  with  the  wave  length  of  the 
visible  light,  that  is,  the  hotspots  sizes  are  equal 
to  some  thousand  Angstroms.  It  has  been 
assumed  (23,24)  that  the  chain  nature  of  nitro¬ 
methane  molecules  decomposition  reaction  is 
responsible  for  the  spots  character  of  this  shock 
wave  decomposition. 

The  hotspots  have  been  also  observed  by  light 
scattering  techniques  under  the  shock  effect  in 
inert  liquids  (dichlorethane,  acetone,  benzene) 
(23).  The  appearance  of  the  hotspots  in  chemi¬ 
cally  different  liquids  allows  one  to  assume  that 
there  exists  some  common  physical  mechanism 
of  their  origin.  It  is  obvious  that  the  mechanism 
is  conditioned  by  the  peculiarities  oi  the  shock 
effect.  In  making  efforts  to  elucidate  the 
mechanism  it  has  been  shown  that  the  cause  of 
the  spots  origin  might  be  some  ovei  heated 
micro-regions  which  are  generated  at  the  pro 
cess  of  the  shock  front  interaction  with  the 
medium  density  non-homogeneities.  The  paper 
deals  with  the  detailed  investigation  of  this 
mechanism. 


CALCULATION  METHOD 


The  investigation  has  been  performed  by  the 
nonequilibrium  molecular  dynamic  method 
developed  in  (15-17).  Research  of  the  shock  wave 
front  interaction  with  the  density  fluctuations 
has  been  carried  out  for  liquid  argon.  Argon  has 
a  good  approbated  potential  and  has  been  in¬ 
tensively  investigated  in  many  works  on  the 
molecular  dynamic  modelling.  The  additive 
reciprocal  potential  (25)  has  been  used  in  the 
paper 
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where  £/k=l22°K,  6  =3.85A  and  o=13.0.  The 
potential  describes  well  argon  equation  of  state 
up  to  10  Gpa.  Differential  equations  of  particles 
(argon  atoms)  motion  have  been  solved 
numerically  by  well  known  difference  scheme 
proposed  by  Verlet  (26).  An  integration  step  was 
equal  to  5X10~15s.  Some  more  details  of  the 
nonequilibrium  molecular  dynamic  calculation 
method  are  in  (15-17). 


The  shock  wave  ( the  front  velocity  D  =  2920 
±50  m/s,  the  particle  velocity  U  =  1200  m/s, 
the  pressure  P  =  43.8±0.8  kbar)  has  been  inves¬ 
tigated  in  liquid  argon  of  the  initial  density 
e0=1.25  g/cm3,  and  the  initial  temperature 
T0=l  10°K.  The  modelling  shock  wave  spreads 
along  the  counting  cell  axis  x  (Fig.  1). 


Fig.  J.  The  density  fluctuation  construction 
scheme 

Some  region  of  decreased  density  -  negative 
fluctuation  of  density  -  is  disposed  on  the  shock 
path.  The  fluctuation  has  been  arranged  in  the 
following  way.  A  certain  number  of  atoms  have 
been  removed  from  V  region  which  was  located 
inside  the  counting  cell,  and  which  initially 


contained  approximately  300  argon  atoms.  For 
example,  36  atoms  have  been  removed  in  la;  72 
atoms  in  lb;  144  atoms  in  lc  and  Id.  Then  dur¬ 
ing  50-100  steps  V  region  has  been  relaxed  due 
to  the  atoms  motion.  By  time  of  the  shock  front 
arrival  a  fluctuation  of  density  has  formed 
rather  stable  in  time  (in  the  scale  of  the  process 
under  investigation).  Various  fluctuations  have 
different  density  profiles  (Fig.  2.).  The  travel¬ 
ling  shock  wave  interacts  with  the  fluctuation 
and  spreads  farther  along  the  counting  cell. 

RESULTS  AND  DISCUSSIONS 

The  calculations  have  shown  that  the  shock 
wave  front  passing  through  the  fluctuation  of 
negative  density  causes  the  appearance  of  some 
positive  temperature  fluctuation.  The  final 
temperature  profiles  are  presented  in  Fig.  3.  The 
a-d  cases  of  both  Fig.  2  and  Fig.  3  correspond. 
One  can  see  that  the  temperature  fluctuation 
magnitude  (its  size  and  overheating  extent)  is 
determined  by  the  density  fluctuation  size, 
namely,  the  greater  are  the  density  fluctuations, 
the  larger  is  the  temper«ture  fluctuation.  The 
comparison  of  the  c  and  d  cases  shows  that  the 
heating  extent  is  determined  mainly  by  the  in¬ 
tegral  value  of  decreasing  the  particles  number 
in  V  region  and  practically  does  not  depend  on 
the  particles  density  distribution  in  V  region. 
The  successive  stages  of  the  process  of  the 
shock  front  interaction  with  the  density  fluctua¬ 
tion  for  the  case  d  are  presented  in  Figs.  4,  5,  6. 

From  the  calculation  results  it  follows  that 
the  overheating  region  size  exceeds  tens  times 
(in  volume)  the  size  of  the  initial  region  of  the 
decreased  density.  The  shock  front  is  a  kind  of 
an  amplifier.  It  converts  very  small  density  fluc¬ 
tuations  in  size  into  rather  big  space  fluctua¬ 
tions  of  temperature.  The  evaluation  made  on 
the  basis  of  the  well  known  statistical  formulas 
(29)  shows  that  the  probability  of  existence  of 
the  latter  is  at  least  10  orders  less  than  that  of 
the  former.  Thus,  the  density  fluctuations 
treated  here  (—36,  —72  and  —144  for  300  par¬ 
ticles)  exist  with  the  probabili^  equal  to  unit 
in  volume  of  ~1010  particles.  -  is  interesting 
to  point  out  that  the  shock  front  produces  the 
temperature  fluctuation  in  volume  of  1010  par¬ 
ticles  but  in  natural  conditions  the  fluctuation 
exists  in  the  number  of  10(20'30*  particles.  The 
initial  density  fluctuation  under  the  shock  ef¬ 
fect  as  if  accumulated  some  energy 
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Fig.  2.  The  density  initial  fluctuations  (before  the  shock  front  arrival) 


from  the  surrounding  volume,  and,  therefore,  as 
a  result,  the  heat  fluctuation  appears  of  surpris¬ 
ingly  great  size.  Perhaps,  it  would  be  more  cor¬ 
rect  to  name  it  “overheated  microregion”. 

This  non-tnvial  fact  enables  us  to  assume  it 
is  the  shock  front  that  is  responsible  for  the  hot 
spots  origin  inside  the  substance  under  the 
shock  effect.  It  also  permits  one  to  revise,  in 
general,  the  shock  front  acceleration  role  among 
all  the  activation  process  involved  in  the  shock 
compression  effect.  The  evaluation  shows  that 
the  acceleration  scale  may  amount  to  5-10 
orders  of  magnitude.  The  acceleration  depends 
on  the  value  of  the  process  activation  energy 
and  on  the  value  of  the  medium  equilibrium 
temperature  behind  the  front. 

So,  the  substance  just  behind  the  front  is 
heated  non-homogeneously.  The  overheated 
micro-regions  of  tens  Angstroms  size  are  inside 


the  medium.  The  regions  contain  some  thou¬ 
sand  molecules.  Because  of  thermoconductivity 
the  region  temperature  relaxes  to  the  tempera¬ 
ture  of  the  surrounding  substance.  If  the 
characteristic  time  of  the  activation  process  (for 
example,  the  substance  molecule  decomposi¬ 
tion)  is  comparable  with  the  overheated  micro¬ 
regions  life  time,  the  decomposition  process 
inside  the  regions  will  have  time  to  take  place 
profoundly  and  for  this  reason,  some  decomposi¬ 
tion  micro-regions  are  formed  inside  the 
substance.  It  is  obvious  that  if  the  decomposi¬ 
tion  reaction  is  of  chain  or  autocatalytic  type 
(that  is,  apparantly,  valid  for  many  explosives 
(27)),  the  micro-regions  generate  still  larger 
regions.  The  subsequent  development  and 
growth  of  the  regions  can  also  proceed  due  to 
the  chain  mechanism.  However,  in  case,  the 
decomposition  is  the  exothermal  nature  and  the 
heat  is  generated  and  accumulated  during 


681 


t 


Fig.  3.  The  temperature  final  profiles  I after  the  shock  wave  front  passing) 


the  process  then  further  development  after 
some  time  will  correspond  to  the  thermal  explo¬ 
sion  regularities  (23).  It  will  take  place  when  the 
regions  size  and  temperature  are  equal  to  the 
critical  values  (28). 

So,  the  macro-regions  development  occurs  in 
three  stages.  During  the  first  stage  the  shock 
front  forms  the  overheated  micro-regions.  The 
nuclei  of  the  decomposition  regions  are  formed 
inside  the  micro-regions.  During  the  second 
stage  the  larger  micro-regions  grow  from  the 
nuclei  due  to  the  decomposition  reaction  chain 
nature.  During  the  third  stage  the  further  in¬ 
crease  of  the  regions  takes  place  by  the 
mechanism  of  the  thermal  explosion  and  is  in 
progress  up  to  their  confluence. 

One  can  interpret  in  terms  of  the  three-stage 
model  the  formation  in  nitromethane  at  first 
the  micro-hot-spots  (registered  by  the  light  scat¬ 
tering  techniques  (5)  )  and  their  subsequent 


transformation  into  the  macro-hot-spots.  As  it 
has  been  mentioned  above,  the  micro-hot-spots 
in  the  inert  liquids  are  also  formed  at  the  ex¬ 
pense  of  generating  overheated  micro-regions 
under  the  shock  front  effect.  However,  in  this 
case  the  decomposition  is  non-exothermal  and, 
therefore,  the  macro-hot-spots  are  not  formed. 

In  conclusion  one  can  say  that  whole  activation 
process  will  accelerate  at  the  shock  compression 
due  to  the  overheated  micro-regions  origin,  if 
the  characteristic  time  of  their  development  is 
comparable  or  smaller  than  the  characteristic 
life  time  of  the  overheated  micro-regions. 
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DISCUSSION 

MARTIN  SUMMERFIELD,  PCRL,  Inc. 

It  seems  that  the  theory  postulates  either  a 
very  high  exothermic  reactivity  or  a  very  low 
thermal  conductivity  of  the  liquid  explosive  or 
both  in  order  to  show  detonabiJity  due  to  the 
very  tiny  inhomogeneities  statistically  present 
in  a  pure  liquid  explosive.  Can  the  authors  give 
the  values  postulated  or  derived  in  the  theory 
and  compare  them  with  those  of  typical  liquid 
explosives,  for  example,  nitromethane? 

REPLY  BY  A.  N.  DREMIN 

In  accordance  to  the  three-stage  model  the 
hot-spot  formation  process  can  be  presented  as 
follows: 


ACETONE  =>  O  => 

I  stage  E  stage  'rr  Hi  stage 
NITROMETHANE  =>  O  =>  (  O  J  - - [> 


overheated 
micro-region 
l  ~  1(T9  m 


micro-hot-spot 
l  ~  10_7m 


macro-hot-spot 
/  ~  10“6  -  10_2n 


1)  The  micro-hot-spots  have  been  experimen¬ 
tally  observed  at  shock  loading  both  acetone 
and  nitromethane,  and  macro-hot  spots  have 
been  observed  only  in  nitromethane.  Why?  Why 
is  the  I Il-d  stage  realized?  The  point  is  that  the 
decomposition  of  nitromethane  is  exothermal, 
the  decomposition  being  sufficiently  exothermal 
that  the  critical  conditions  of  micro-hot-spot 
ignition  be  fulfilled.  Therefore,  the  evaluation 
of  the  thermal  explosion  conditions  must  be  car¬ 
ried  out  for  the  micro-hot-spot  (the  size 
~10~7m)  rather  than  for  the  overheated  micro¬ 
region  (the  size  M0“9m). 

2)  The  author  of  the  question  is  interested, 
why  the  overheated  micro-region  generates  the 
micro-hot-spot.  i.e.  the  Il-d  stage  is  realized.  It 
should  be  noted  here,  that  the  very  stage  is 
realized  for  various  substances  (nitromethane, 
acetone,  benzene)  with  different  activation 
energy  and  different  (positive  and  negative) 
heats  of  reaction,  that  is,  the  reaction  heat  is 
not  needed  to  interpret  the  Il-d  stage  formation. 

The  level  of  the  substance  temperature 
around  the  overheated  micro-region  is  rather 
high  (M000°K).  At  this  temperature  the  sub¬ 
stance  decomposition  occurs  even  if  there  were 
no  overheated  micro-region.  As  the  temperature 
of  the  overheated  micro-regions  is  by  300-500  °K 
higher,  the  decomposition  proceeds  inside  the 
regions  5-10  orders  of  magnitude  faster.  Owing 
to  the  chain  reaction  nature  the  decomposition 
spreads  out  of  the  micro-region,  creating  the 
micro-hot-spot.  As  a  rule,  at  high  temperatures 
condensed  substance  decomposition  splinters 
(radicals,  ions)  of  one  molecule  activate  de¬ 
composition  of  neighbour  molecules.  If  the 


process  is  endothermal  (e.g.,  acetone),  the 
temperature  in  the  hot-spot  is  failing  down  and, 
at  last,  enlarging  the  spot  is  stopped,  but  if  the 
process  is  exothermal  'e.g.,  r  itrome thane)  the 
temperature  increases  and  the  moment  conies 
when  the  size  of  the  spot  and  temperature 
achieve  the  critical  values  (,-ee  reference  28)  and 
the  mechanism  of  the  thermal  explosion  is 
ingaged. 


3)  Finally,  the  question  about  the  heat 
conductivity.  It  can  be  transformed  to  the 
following  —  how  long  the  overheated  micro¬ 
region  exists  and  may  the  region  give  the 
significant  effect  for  this  period?  In  our 
molecular  dynamic  simulation  we  observe  ex¬ 
istence  of  the  overheated  micro-region  for 
10"  ns.  It  is  difficult  to  predict  its  further 
evolution.  Nevertheless,  even  for  this  period  the 
primary  acts  of  the  decomposition  have  time 
to  be  accomplished  at  these  high  temperatures 
and  to  engage  the  chain  mechanism  of  the 
substance  decomposition. 
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Emission  spectroscopy  and  pulsed-laser-excited  Raman  scattering 
methods  have  been  applied  to  the  study  of  detonating  heterogeneous 
explosives,  including  PETN,  HMX  and  HNS.  Time-resolved  spec¬ 
tra  of  emission  from  detonating  HNS  show  the  evolution  of  features 
due  to  electronically-excited  radical  species.  For  HNS,  the  CN(B-X) 
system  near  388  nm  has  been  studied  at  a  wavelength  resolution  of 
0.5  A.  Boltzmann  vibrational  temperatures  have  been  calculated  by 
comparing  the  experimental  data  with  computer-simulated  spectra. 
These  temperatures  are  consistent  with  the  expected  trend  of  detona¬ 
tion  temperature  as  a  function  of  charge  density.  Using  532-nm  laser 
excitation,  single-pulse  Raman  scattering  measurements  have  been 
made  at  the  free  surface  of  detonating  HMX  and  PETN  samples. 
Monotonic  attenuation  of  Raman  scattering  intensity  over  a  100-ns 
interval  is  observed  after  detonation  front  arrival  at  the  free  surface. 
Depletion  of  the  Raman  signal  occurs  prior  to  significant  loss  of  the 
scattered  laser  light.  The  significance  of  the  Raman  measurements 
as  a  possible  probe  of  reaction  zone  length  in  detonating  explosives 
is  discussed. 


I.  INTRODUCTION 

A  predictive  understanding  of  the  initiation 
and  sustained  detonation  of  heterogeneous  (i.e., 
porous,  granular)  explosives  requires  characteri¬ 
zation  of  both  the  mechanical  response  of  the 
material  and  the  chemical  reaction  mechanisms 
that  control  the  rate  at  which  the  explosive  is 
consumed.  Real-time  spectroscopic  techniques 
offer  considerable  potential  for  providing  much 
needed  information  on  the  important  microscopic 
physical  and  chemical  processes  in  such  systems 
via  in  situ  measurements  of  reaction  interme¬ 
diates,  rates  and  temperatures.  In  this  paper,  we 
discuss  the  application  of  emission  spectroscopy 
and  pulsed-laser-excited  Raman  scattering  meth¬ 
ods  to  the  study  of  detonating  high  explosives 
(HEs)  including  pentaerythritol  tetranitrate 
(PETN),  l,3,5,7-tetranitro-l,3,5,7-tetraazacyclooc- 
tane  (HMX)  and  2,4,6,2',4',6'-hexanitrostilbene 


♦This  work  was  performed  at  Sandia  National 
Laboratories,  Albuquerque,  NM,  supported  by 
the  U.S.  Department  of  Energy  under  contract 
number  DE-AC04-76DP00789. 


(HNS).  Both  techniques  provide  good  temporal 
and  spatial  resolution  and  are  applicable  to 
pressed  polycrystalline  samples  of  many  widely 
used  HEs.  In  time-resolved  emission  studies,  we 
have  observed  several  electronically-excited  tran¬ 
sient  species  including  CN*,  CH*.  C?*  and  prob¬ 
ably  N02*.  Results  of  high-resolution  studies  of 
CN  (B-X)  emission  in  detonating  HNS  have  been 
used  to  calculate  vibrational  temperatures  as  a 
function  of  initial  charge  density.  We  have  shown 
that  single-pulse  Raman  scattering  measure¬ 
ments  can  be  made  in  the  severe  environment 
of  a  detonation  and  have  monitored  the  attenua¬ 
tion  of  the  Raman  signal  from  PETN  as  a  func¬ 
tion  of  time  after  detonation-wave  arrival  at  the 
free  surface.  These  results  are  compared  to  pre¬ 
vious  estimates  of  reaction  time  in  an  unper¬ 
turbed,  steady-state  detonation. 

II.  EXPERIMENTAL 

The  explosive  device  used  for  all  emission  and 
Raman  measurements  consisted  of  a  pressed 
pellet  of  pure  HE  initiated  by  an  exploding 
bridgewire  detonator  (Reynolds  Industries, 
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RP-2).  The  pellet  was  affixed  to  the  detonator 
output  face  using  a  thin  layer  of  fast  setting 
epoxy.  The  explosive  assembly  was  mechanical¬ 
ly  held  in  a  fixture  providing  for  linear  and 
angular  alignment  and  all  measurements  were 
performed  with  the  assembly  confined  in  an 
evacuated  chamber  to  avoid  complications  due 
to  air.  The  detonator  was  connected  to  a  2.5-kV 
fireset  using  high-voltage  vacuum  feed¬ 
throughs.  The  specified  detonator  function  time 
at  this  operating  voltage  is  1.8  jus  with  a  stand¬ 
ard  deviation  of  less  than  25  ns.  The  diameter 
of  the  HE  pellet  (6.4  mm)  was  roughly  twice 
that  of  the  detonator  output  face.  The  relative¬ 
ly  small  size  of  this  configuration  permitted 
reasonably  frequent  measurements  with  modest 
material  consumption  and  minimal  damage  to  the 
optical  components  mounted  on  the  test  chamber; 
however,  the  non-planar  output  of  the  device  in¬ 
troduced  some  difficulty  in  data  interpretation 
as  discussed  below.  Samples  of  the  various  HEs 
were  prepared  by  pressing  approximately  100  mg 
of  the  loose  powder.  Densities  of  the  pressed 
HMX  and  pETN  were  1.87  and  1.69  g  cmJ, 
respectively.  For  HNS,  material  pressed  to  four 
different  densities  were  used:  g0  =  1.70,  1.65, 
1,56  and  1.50  g  cm  '. 

Temporal  and  spatial  characteristics  of  tsu* 
detonation  light  were  examined  using  fast¬ 
framing  photography.  An  Imacon  675  camera 
(Hadland  Photonics,  Ltd.,  S-20  response)  was 
used  to  obtain  images  of  the  detonating  pellets 
at  a  framing  rate  of  7.5  x  107  s '.  The  camera 
monitor  pulse  (nearly  coincident  with  the  first 
frame)  was  recorded  on  each  shot  for  com¬ 
parison  with  the  temporal  profile  of  emission  in¬ 
tensity  as  determined  by  either  a  photomulti¬ 
plier  or  biplanar  phototube.  The  framing  records 
were  obtained  on  Polaroid  Type  47  film.  The  im¬ 
ages  were  then  digitized  and  contrast  enhanced 
using  a  COMTAL  "Vision  One/20”  image  pro¬ 
cessing  system. 

In  studies  of  spectrally  resolved  emission,  light 
from  the  front  face  of  the  exploding  pellet  was 
imaged  onto  the  slit  of  a  spectrometer  (Jarrell 
•Ash  1/3  m  or  Spex  0.85  m).  The  dispersed  spec¬ 
trum  of  near-uv  and  visible  emission  was  viewed 
by  a  gatable  intensified  diode  array  coupled  to 
an  optical  multichannel  analyzer  (Tracor  North¬ 
ern)  allowing  temporal  resolution  of  <20  ns. 
Timing  of  the  detector  gate  pulse  relative  to  the 
firing  pulse  was  varied  with  digital  delay 


generators.  For  studies  of  temporally  resolved 
spectra,  signals  from  the  detector  gate  and  from 
a  photomultiplier  tube  viewing  the  total  emitted 
light  were  displayed  together  on  an  oscilloscope 
to  establish  the  exact  time  interval  over  which 
the  spectrum  was  obtained. 

Detailed  discussions  of  the  experimental 
design  for  the  single-pulse  Raman  scattering 
studies  have  been  presented  elsewhere  (1,2).  A 
schematic  of  the  experimental  arrangement  is 
given  in  Fig.  1.  Briefly,  the  532-nm  output  of  a 


Fig.  1.  Schematic  drawing  of  experimental  ar¬ 
rangement  for  single-pulse  Raman  measurements 

frequency-doubled,  pulsed  Nd:YAG  laser  (M0 
ns  FWHM)  was  mildly  focused  to  a  1-mm- 
diameter  circular  spot  at  the  center  of  the  free 
surface  of  the  explosive  pellet.  Laser  energy 
reaching  the  sample  was  controlled  by  varying 
the  time  delay  to  the  Q-switch.  The  frequency- 
shifted  radiation  scattered  from  the  sample  was 
imaged  onto  a  spectrometer  and  viewed  with 
the  intensified  diode  array  and  optical  multi¬ 
channel  analyzer.  A  <100-ns-wide  gate  to  the 
detector  avoided  signal  loss  due  to  timing  jit¬ 
ter  and  provided  some  discrimination  against 
the  detonation  emission.  Digital  delay  generators 
were  used  to  set  the  probe  laser  and  detection 
system  gate  in  relation  to  the  fireset  trigger 
pulse. 

III.  RESULTS  AND  DISCUSSION 

A.  Fast-Framing  Photography 

The  emission  phenomena  observed  in  fast¬ 
framing  photographic  records  of  detonating 
HMX  and  HNS  are  generally  consistent  with 
the  results  of  previous  studies  of  detonation 
light  (3,4).  Most  of  these  phenomena  are  illus- 
tiated  by  the  sequential  images  of  a  detonating 
HNS  pellet  displayed  in  Fig.  2.  The  first  frame 
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Pig.  2.  Fast-framing  photograph  of  detonating  HNS.  To  illustrate  the  size  of  the 
image,  the  top  trace  is  a  record  of  the  strobe-flash  illuminated  pellet 


in  this  sequence  shows  a  small  bright  spot  of  light 
corresponding  to  the  emergence  of  the  detonation 
wave  at  the  center  of  the  pellet  surface.  The  rapid¬ 
ly  expanding  “ring”  of  bright  emission  seen  in  the 
next  eight  frames  reveals  the  two-dimensional 
character  of  the  detonation  wave  front  in  this 
device.  This  “ring"  actually  contains  fine,  gran¬ 
ular  structure  which  can  be  clearly  seen  in  the 
images  near  the  end  of  the  sequence.  The  rapid 
quenching  of  the  bright  emission  is  especially  evi¬ 
dent  in  Frame  2  where  the  region  surrounding  the 
center  of  the  pellet  surface  is  relatively  dark  com¬ 
pared  to  the  same  region  in  Frame  1.  From  the 
width  of  the  emission  ring,  we  estimate  the  dura¬ 
tion  of  emission  at  any  point  on  the  surface  to 
be  on  the  order  of  the  single  frame  exposure 
time;  i.e..  3  ns  or  less. 


A  weaker,  diffuse  glow  precedes  the  emergence 
of  the  detonation  wave  at  the  surface.  This  phe¬ 
nomenon  is  barely  discernible  at  the  outer  edges 
of  the  bright  emission  in  Frames  1-3  of  Fig.  2 
and  was  much  more  obvious  in  the  case  of  deto¬ 
nating  HMX.  We  attribute  the  diffuse  glow  to 
so-called  “shine  through”;  i.e.,  light  scattered 
from  inside  the  pressed  sample.  The  intensity  of 
neither  the  bright  ring  nor  the  diffuse  glow  is 
much  affected  by  pressure  of  surrounding  atmos¬ 
phere  over  the  range  0.01-1  Torr.  In  contrast, 
after  the  detonation  wave  reaches  the  outer  rim 
of  the  pellet  surface,  we  observe  emission 
(primarily  in  the  form  of  a  rapidly  expanding  ring 
of  light)  whose  intensity  is  markedly  dependent 
on  the  chamber  pressure.  The  function  of  the  sur¬ 
rounding  atmosphere  in  production  of  this  effect 
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Fig.  3  Spectrum  of  emission  from  detonating 
HNS  (q0=1.  7 g  cm~3 )  acquired  over  a  30-ns  in¬ 
terval  just  prior  to  the  break-out  of  the  detona¬ 
tion  front  onto  the  face  of  the  pellet  (see  text) 
( The  lines  represent  graybody  curves  at  the  tem¬ 
peratures  shown,  normalized  to  the  observed 
emission  intensity  at  440  nm.) 

has  been  discussed  previously  (4).  At  pressures 
below  50  mTorr,  the  observed  “afterglow”  inten¬ 
sity  is  approximately  two  orders  of  magnitude 
less  than  that  of  the  bright  emission  coinciding 
with  detonation  front  arrival  at  the  surface  of 
the  sample.  Accordingly,  this  phenomenon  is  not 
apparent  in  the  late  frames  of  Fig.  2  due  to 
limited  film  contrast. 

The  various  effects  seen  with  fast-framing 
photography  contribute  to  the  observed  tem¬ 
poral  profile  of  emission  intensity.  In  general, 
photomultiplier  traces  of  the  emission  display  (in 
order):  (1)  a  slow-rising  leading  edge  correspon¬ 
ding  to  increasing  “shine  through”  as  the 
detonation  front  approaches  the  free  surface,  (2) 
a  rapid  rise  in  signal  intensity  as  the  detonation 
wave  front  emerges  from  the  end  of  the  sample, 

(3)  a  plateau  of  high  intensity  due  to  the  two- 
dimensional  nature  of  the  detonation  front  and 

(4)  a  rapid  fall-off  in  signal  as  the  detonation 
front  reaches  the  outer  rim  of  the  material  (see 
Section  IIIC.)  The  photographic  records  are  also 
very  useful  in  the  interpretation  of  our  time-re¬ 
solved  emission  spectra  and  provide  an  important 
measure  of  the  non-planarity  of  the  detonation 
front  and  its  effect  on  our  Raman  scattering  data. 

B.  Emission  Spectroscopy 

Figures  3-5  show  spectra  of  emission  from 
detonating  HNS  obtained  at  three  different 


Fig.  4.  Spectrum  of  emission  from  detonating 
HNS  (q0=1.  7 g  cm~3 )  acquired  over  a  30-ns  in¬ 
terval  during  the  peak  of  the  emission  intensity 
(see  text) 


Fig.  5.  Spectrum  of  emission  from  detonating 
HNS  (Q0  —  1.7  cm~3)  acquired  over  a  30-ns  in¬ 
terval  during  the  fall-off  of  the  emission 

times  relative  to  the  arrival  of  the  detonation 
wave  at  the  free  surface  of  the  pellet.  The  spec¬ 
tra  are  corrected  for  the  wavelength-dependent 
response  of  the  spectrometer  and  detection 
system.  In  each  case,  emission  was  collected  for 
a  30-ns  interval  to  acquire  sufficient  signal.  At 
the  earliest  time,  which  corresponds  to  primari¬ 
ly  the  “shine  through”  region  and  also  to  the  in¬ 
itial  break-out  of  the  detonation  (cf  Frame  1  in 
Fig.  2)  the  main  feature  of  the  emission  is  a  broad 
unstructured  band  with  an  apparent  cutoff  near 
400  nm.  We  show  calculated,  relative  optical 
emission  profiles  for  graybody  sources  at  two 
temperatures  together  with  the  spectrum  in  Fig. 
3.  While  there  may  be  an  underlying  component 
of  the  emission  due  to  g  ..vbody  emission,  it  is 
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Fig.  8.  Time-integrated,  spectrum  of  CN(B-X) 
emission  observed  from  detonating  HNS 
(q—1.70 g  cm~3)  (The  spectrum  is  corrected  for 
the  wavelength-dependent  response  of  the  spec¬ 
trometer  and  detection  system.  The  open  circles 
are  results  from  a  computer-simulated  spectrum 
with  CN(B)  rotational  and  vibrational  temper¬ 
atures  of  5000  K.) 

clear  that  the  shape  of  this  broad  band  is  not 
that  of  graybody  radiation. 

Instead,  this  emission  is  consistent  with 
N02(A-X)  emission  which  is  known  to  cut  off 
at  398  nm  due  to  predissociation  of  the  N02  (5). 
A  much  smaller  band  in  the  380-390  nm  region 
is  due  to  CN(B-X)  emission.  Figure  4  shows  the 
spectrum  obtained  during  the  high-intensity 
emission  corresponding  to  Frames  4-6  of  Fig. 
2.  The  most  prominent  feature  is  due  to  CN(B- 
X)  emission.  Approximately  100  ns  later,  we  ob¬ 
tained  the  spectrum  shown  in  Fig.  5  where  prod¬ 
ucts  such  as  C2(d)  are  also  observed  in  emission. 
The  presence  of  C2\d-a)  emission  in  the  earlier 
spectra  is  not  observed  because  of  the  intense 
broadband  emission  in  the  same  spectral  region. 
We  have  performed  similar  experiments  with 
HMX.  Again,  the  ear’y  emission  appears  to  be 
primarily  N02(A-X).  Late-time  emission, 
however,  shows  only  weak  discrete  features  of 
the  electronically  excited  radical  species  and  the 
'mectrum  is  dominated  by  a  broadband  con¬ 
tinuum  different  from  the  early  emission.  In 
general,  the  intensity  of  discrete  emission  ap¬ 
pears  to  correlate  in  a  reciprocal  fashion  with 
the  degree  to  which  the  explosive  is  oxygen 
balanced,  i.e.,  HNS  >  HMX  >  PETN. 

In  previous  experiments,  we  have  noted  that 
the  vibronic  structure  of  the  CN(B-X)  and 


Fig.  7.  Time-integrated  spectrum  of  CN(B-X) 
emission  observed  from  detonating  HNS  (q—1.50 
g  cm~V  (The  spectrum  is  corrected  for  the 
wavelength- dependent  response  of  the  spec¬ 
trometer  and  detect  ion  sy  stem.  The  open  circles 
are  results  from  a  compu t ir-simula ted  spectrum 
with  CN(B)  rotational  and  vibrational  tempera¬ 
tures  of  6500  K.) 

C2  (d-a)  bands  observed  from  detonating  HEs 
can  be  used  to  infer  Boltzmann  vibrational  tem¬ 
peratures  (6).  We  have  now  extended  these 
studies  to  higher  spectral  resolution  to  observe 
the  effect  of  the  initial  charge  density  on  the 
temperature  of  the  CN(B).  To  obtain  higher  reso¬ 
lution,  we  sacrifice  the  temporal  resolution  of  the 
previous  spectra.  Instead,  we  integrate  the  emis¬ 
sion  over  300  ns  which  includes  all  the  emission 
except  some  of  the  weak  “afterglow.”  Figures 
6  and  7  show  spectra  in  the  CN(B-X)  spectral 
region  from  detonating  samples  of  HNS  press¬ 
ed  to  initial  densities  of  1.70  and  1.50  g  cm"3, 
respectively.  These  are  typical  of  the  resolution 
(~0.5A)  and  signal-to-noise  ratio  we  are  now  able 
to  achieve  on  a  single  shot.  The  most  apparent 
difference  between  the  two  sp^.  tra  is  the  smaller 
ratio  of  intensity  in  the  (1,1)  and  (2,2)  bands 
relative  to  the  (0,0)  band  in  the  emission  from 
detonating  HNS  pressed  to  the  higher  density 
(Fig.  6).  To  establish  the  vibrational  temperature 
of  the  CN(B)  in  these  two  experiments,  several 
CN(B-X)  spectra  were  generated  by  computer 
simulation  at  temperatures  between  3500  and 
7500  K.  To  calculate  these  spectra,  we  assume 
equilibration  of  the  vibrational  and  rotational 
degrees  of  freedom  which  allows  relative  popula¬ 
tions  in  the  rovibrational  states  of  CN(B)  to  be 
described  by  a  Boltzmann  distribution  at  a  single 
temperature.  Published  values  of  spectroscopic 


695 


constants  (7)  and  Franck-Condon  factors  (8) 
were  used  to  calculate  individual  transition  in¬ 
tensities  as  a  function  of  the  Boltzmann  popula¬ 
tion  distributions  (6).  The  spectra  were  then 
simulated  using  a  Gaussian  slit  function  appro¬ 
priate  for  the  resolution  of  the  present  experi¬ 
ments.  The  simulated  spectra  were  compared  to 
the  data  to  obtain  a  best  fit,  and  are  shown  by 
the  open  circles  in  Figs.  6  and  7.  These  fits 
establish  the  tempejatures  of  the  emitting 
CN(B)  at  5000±200  K  and  6500±400K  from 
detonating  HNS  at  the  high  and  low  densities, 
respectively.  Data  from  HNS  pressed  to  two  in¬ 
termediate  densities  gave  temperatures  bet¬ 
ween  these  two  values,  following  a  trend  of  in¬ 
creasing  temperature  with  decreasing  initial 
charge  density.  While  the  agreement  between 
the  simulated  spectra  and  the  data  is  generally 
good,  the  simulated  spectra  fail  to  reproducethe 
width  on  the  short-wavelength  side  of  the  ban- 
dheads  for  emission  from  the  detonating  low- 
density  HNS  (cf.  Fig.  7).  This  may  indicate  in¬ 
complete  equilibration  of  the  rotational  and 
vibrational  modes  of  the  emitting  CN. 

Our  results  show  that  emission  spectroscopy 
at  sufficiently  high  resolution  provides  a  spec¬ 
troscopic  "thermometer”  which  may  correlate 
with  detonation  temperature.  The  trend  of 
detonation  temperature,  as  calculated  by  equa- 
tion-of-state  models,  with  initial  charge  density 
is  the  same  as  we  observe  in  our  JN(B-X) 
measurements  (9).  We  note,  however,  thnt  our 
measured  temper-  tures  are  generally  M000  K 
higher  than  resu.t  i  of  most  modelling  calcula¬ 
tions  (9). 

C.  Single-pulse  ltaman  Scattering 

Recently,  there  has  been  considerable  interest 
in  spontaneous  and  coherent  Raman  scattering 
techniques  as  diner  •>stic  probes  for  determining 
the  microscopic  phenomenology  of  shock-in¬ 
duced  chemical  reactions  (10).  Spontaneous 
Raman  spectroscopy  has  been  used  in  several 
studies  of  detonating  liquid  and  monocrystal¬ 
line  explosives  (11-14).  We  have  shown  (1,  2)  that 
excellent  single-pulse  spontaneous  Raman 
spectra  can  be  obtained  from  many  unshock«d 
heterogeneous  explosive  samples  and  that 
Raman  scattering  measurements  can  be  made 
in  the  severe  environment  of  detonating  PETN. 
Here,  we  utilize  recent  Raman  scattering 


V  (nm) 

Fig.  8.  Single-pulse  Raman  spectra  from  un¬ 
shocked  PETN  and  a  detonating  sample  as 
recorded  by  the  optical  multichannel  analyzer 
(JOO-ns  gate  width)  (Broadband  emission  from  the 
detonation  is  evident  on  the  top  trace.) 

measurements  from  detonating  HMX  as  well  as 
the  fast-framing  photography  data  described  in 
Section  III  A  to  expand  our  previous  discussion 
(1)  of  Raman  scattering  from  detonating  hetero¬ 
geneous  explosives. 

Our  PETN  results  are  reproduced  in  Figs.  8 
and  9.  Figure  8  compares  the  single-pulse 
Raman  spectrum  (800-1500  cm-1  range)  of  un¬ 
shocked  PETN  with  that  obtained  from  a 
detonating  sample  at  a  time  delay  of  450  ns 
from  the  nominal  RP-2  detonator  function  time, 
t0.  We  observe  remarkably  similar  positions  of 
the  Raman  lines  in  the  unshocked  and 
detonating  material;  however,  the  significant  at¬ 
tenuation  of  the  Raman  lines  and  simultaneous 
appearance  of  strong  background  emission  are 
evidence  that  the  detonation  front  has  reached 
the  free  surface  of  the  pellet.  Under  sustained 
compression  at  detonation  pressures,  substan¬ 
tial  shifts  in  the  molecular  vibrational  frequen¬ 
cies  might  be  expected,  but  the  complex  interac¬ 
tion  of  the  detonation  wave  front  with  the 
PETN/vacuum  interface  may  preclude  observa¬ 
tion  of  such  shifts.  We  also  note  that  previous¬ 
ly  observed  shock-induced  frequency  shifts  in 
PETN  single  crystals  have  been  much  smaller 
than  those  seen  in  static  compression  studies 
(14, 15).  In  Fig.  9,  the  measured  attenuation  of 
the  strongest  Raman  line  (the  1296  cm-1  line 
associated  with  the  summetric  N02  stretching 
mode  (16,  17) )  is  shown  as  a  function  of  time 
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Fig.  9.  Temporal  profiles  of  Raman  signal  inten¬ 
sity  and  emission  intensity  from  detonating 
PETN  (Each  open  circle  represents  a  single-shot 
measurement  of  the  1296  cm~1  Raman  signal  in¬ 
tensity  at  the  indicated  time  delay  divided  by  the 
signal  intensity  from  the  unshocked  material. 
Raman  signal  intensities  from  the  unshocked 
material  were  reproducible  to  within  a  few 
percent.) 

delay  from  t0.  The  same  figure  also  displays  a 
trace  of  tne  observed  emission  intensity  versus 
time  delay  from  t0.  Depletion  of  the  parent 
molecule  Raman  signal  occurs  over  a  100-ns 
interval. 

The  observed  interval  for  attenuation  of  the 
PETN  Raman  scattering  intensity  may  reflect 
the  chemical  reaction  rate  for  the  parent  species 
in  this  system.  Alternative  interpretations  of 
this  phenomenon  include  the  following:  (1)  the 
Raman  signal  attenuation  arises  from  a  fairly 
large  probe  depth,  (2!  the  two-dimensional 
nature  of  the  detonation  front  is  responsible  for 
the  observed  interval,  and  (3)  the  Raman  signal 
loss  simply  reflects  a  reduced  surface  area  for 
scattering  or  increased  optical  absorption  at  the 
pellet  surface.  The  nonzero  probe  depth  and 
nonideal  detonation  front  certainly  contribute 
to  the  apparent  depletion  time  by  permitting 
the  simultaneous  observation  of  unshccked  and 
shocked  material  as  the  detonation  wave  front 
nears  the  free  surface;  however,  the  available 
data  suggest  that  these  are  of  only  minor 


importance.  Figure  9  shows  that  the  onset  of 
the  Raman  signal  depletion  coincides  with  a 
sharp  rise  in  the  emission  intensity.  As  mention¬ 
ed  in  Section  IIIA,  the  rapid  rise  in  the  emis¬ 
sion  signal  also  coincides  with  the  emergence  of 
the  detonation  wave  from  the  end  of  the  pellet. 
Very  little  attenuation  of  the  Raman  scattering 
intensity  occurs  prior  to  this  event  (cf.  Fig.  9). 
Hence,  we  infer  that  the  probe  depth  is  actually 
quite  small.  Direct  evidence  concerning  the 
possible  effect  of  the  non-planar  detonation 
front  is  provided  by  the  first  two  frames  in  Fig. 
2.  At  Frame  2,  we  see  that  the  detonation  front 
has  already  emerged  from  the  pellet  over  a  sur¬ 
face  area  larger  than  the  1-mm-diameter  probe 
laser  spot.  Frame  1,  on  the  other  hand,  shows 
emission  corresponding  to  the  initial  arrival  of 
t  he  detonation  front  at  the  center  of  the  free  sur¬ 
face.  From  these  images,  we  estimate  that  the 
resulting  temporal  contribution  to  the  observed 
interval  for  Raman  signal  depletion  can  be  no 
more  than  the  fast-framing  camera  interframe 
time;  i.  e.,  15  ns  or  less. 


To  address  the  third  alternative  interpreta¬ 
tion  mentioned  above,  we  have  examined  the 
Raman  signal  loss  in  relation  to  the  intensity 
of  scattered  532-nm  light  for  unshocked  and 
detonating  samples.  Typical  results  for  HMX 
are  given  in  Figs.  10  and  11.  The  data  in  each 
figure  were  obtained  using  a  single  532-nm  laser 
pulse.  The  scattered  laser  light  was  attenuated 
by  appropriate  cutoff  filters  in  order  to  view  and 
display  its  intensity  on  scale  with  the  Raman 
scattering  intensity.  The  observed  band  posi¬ 
tions  in  the  Raman  spectrum  of  the  unshocked 
HMX  (cf.  Fig.  10)  are  in  excellent  agreement 
with  cw  laser  Raman  measurements  on  the  beta- 
polymorph  of  this  compound  (18).  As  in  the  case 
of  PETN,  Fig.  11  shows  a  fairly  uniform  at¬ 
tenuation  of  the  Raman  spectrum  during 
detonation  but  little  or  no  shift  in  the  band  posi¬ 
tions.  It  is  interesting  that  we  do  not  observe 
a  comparable  loss  of  scattered  532-  nm  light  in¬ 
tensity  at  this  point  in  the  detonation.  Addi¬ 
tional  measurements  have  shown  that  signifi¬ 
cant  depletion  of  the  scattered  laser  light  does 
not  occur  until  ~50  ns  after  the  parent  molecule 
Raman  spectrum  becomes  so  weak  that  is  can 
no  longer  be  distinguished  from  the  background 
emission.  Hence,  the  observed  interval  for 
Raman  signal  attenuation  cannot  be  attributed 
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Fig.  10.  Single-pulse  Raman  spectrum  from  un¬ 
shocked  HMX  (The  scattered  532-nm  laser  light 
is  also  displayed.) 

to  a  greatly  reduced  sufrace  area  for  scattering 
and  is  not  likely  due  to  transient  absorption. 

We  note  that  the  reproducible,  monotonic  at¬ 
tenuation  of  PETN  Raman  scattering  intensi¬ 
ty  over  a  100  ns  interval  is  consistent  with 
previously  obtained  experimental  and 
theoretical  global  reaction  times  for  high- 
density  PETN  as  well  as  recent  velocity- 
interferoinetric  measurements  of  reaction  dura¬ 
tion  in  other  explosives  (19-51).  Reaction  times 
inferred  from  these  preliminary  free-surface 
studies  are  clearly  not  directly  applicable  to  an 
unperturbed  detonation  reaction  zone  since,  in 
this  configuration,  a  rarefaction  is  reflected 
back  into  the  explosive  when  the  detonation 
front  reaches  the  HE/  vacuum  interface.  We  an¬ 
ticipate  less  ambiguous  results  with  optimal 
impedance-matching  at  the  interface,  and  ex¬ 
periments  utilizing  appropriate  window  ma¬ 
terials  are  planned.  As  yet,  we  have  not  ob¬ 
served  Raman  signals  from  transient  or  product 
species.  Such  observations  may  require  a  sub¬ 
stantially  improved  signal-to-noise  ratio,  and  we 
are  currently  implementing  several  modifica¬ 
tions  to  the  experimental  arrangement  which 
promise  to  greatly  enhance  the  sensitivity  and 
discrimination  against  background  emission. 

IV.  SUMMARY 

We  have  described  the  application  of  fast¬ 
framing  photography  and  two  real-time  spectro¬ 
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Fig.  11.  Single-pulse  Raman  spectrum  from 
detonating  HMX  acquired  ~ 50  ns  after  arrival 
of  the  detonation  front  to  the  front  surface  of  the 
pellet  (Broad-band  emission  from  the  detonation 
contributes  to  the  high  background  level  Th •> 
Raman  signal  intensities  are  considerably 
reduced  from  the  previous  figure ,  but  the  scat¬ 
tered  532-nm  laser  light  remains  unaffected  at 
this  delay  time.) 

scopic  techniques  to  the  study  of  microscopic 
chemical  and  physical  changes  in  detonating 
HEs.  Time-resolved  emission  spectroscopic 
results  are  consistent  with  early  formation  of 
N02(A)  followed  by  formation  of  other  elec¬ 
tronically  excited  radical  products.  High-reso¬ 
lution  spectroscopy  may  be  used  to  determine 
temperatures  in  the  region  of  the  detonation 
front.  We  have  shown  that  quantitative  single¬ 
pulse  Raman  scattering  measurements  can  be 
made  at  the  free  surface  of  a  detonating  hetero¬ 
geneous  explosive  and  may  provide  a  direct 
measure  of  reaction  times  in  a  detonation  front. 
Refinement  and  further  application  of  these 
techniques  to  experiments  with  well-charac¬ 
terized  detonation  fronts  should  provide  valuable 
input  for  reactive  flow  models  of  detonation 
waves  in  heterogeneous  explosives  and  lead  to 
an  improved  predictive  modelling  capability  of 
explosive  initiation  and  performance. 
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DISCUSSION 

KERRY  L.  BAHL,  Lawrence  Livermore 
National  Laboratory 

Were  the  HE  pellets  pressed  mechanically  or 
isostatically  pressed  and  machined?  Was  there 
any  pellet  surface  preparation? 

REPLY  BY  W.  M.  TROTT 

The  pellets  were  prepared  by  linear  mechanical 
pressing  (10000-25000  PSI)  in  a  die  and  the  sur¬ 
faces  were  used  as  pressed. 

DISCUSSION 
JULIUS  ROTH,  Consultant 

Your  statement  that  emission  spectroscopy 
provides  a  spectroscopic  "thermometer"  of 
detonation  temperature  may  be  overly  optimistic. 
You  yourself  recognize  that  present  results  lead 
to  temperatures  that  are  about  1000  to  2000K  too 
high  (if  one  assumes  HNS  to  behave  like  TNT 


and  makes  the  comparison  with  a  BKW  calcula¬ 
tion).  Furthermore,  as  shown  by  Kato  etal  in  this 
Symposium,  other  EOS  lead  to  the  reverse  den¬ 
sity  effect  for  highly  oxygen-poor  materials  (TNT, 
Tetryl)  than  you  observed.  Even  the  BKW 
method  indicated  a  much  smaller  density  effect 
than  the  1500K  difference  between  your  Figs.  6 
and  7. 

RLPLY  BY  W.  M.  TROTT 

We  do  not  feel  that  the  statement  “emission 
spectroscopy  at  sufficiently  high  resolution  pro¬ 
vides  a  spectroscopic  ‘thermometer’  which  may 
correlate  with  detonation  temperature”  is  overly 
optimistic.  We  have  reported  direct  measure¬ 
ments  of  CN(B-X)  band  intensities  which,  upon 
comparison  with  computer-simulated  spectra 
derived  from  known  properties  of  the  CN(B-X) 


system,  establish  a  definite  trend  of  decreasing 
Boltzmann  vibrational  temperature  as  a  function 
of  increasing  initial  charge  density.  These  mea¬ 
surements  were  made  on  HNS  samples  pressed 
to  >85%  of  the  crystal  density.  The  calculations 
of  Kato  et  al  indicate  that  most  EOS  lead  to  a 
similar  temperature  trend  over  the  density  range 
of  85-100%,  even  for  oxygen-poor  materials  such 
as  TNT  and  Tetryl.  The  temperatures  reported 
here  are  for  the  CN(B-X)  system  and  there  is  cer¬ 
tainly  no  assurance  at  present  that  they  are  iden¬ 
tical  to  “C-J  temperatures”  or  even  that  they  are 
in  local  equilibrium  with  the  rest  of  the  reacting 
system;  however,  the  observed  trend  with 
material  density  provides  encouragement  that 
further  application  of  these  and  similar  methods 
will  lead  to  a  more  complete  and  accurate  descrip¬ 
tion  of  temperatures  in  detonating  explosives. 
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REAL  TIME  ANALYSIS  OF  PETN  DETONATION  PRODUCTS 


N.C.  Blais  and  J.J.  Valentini 
Los  Alamos  National  Laboratory 
Chemistry  Division,  MS  G738 
Los  Alamos,  NM  87545 


The  freely  expanding  gases  from  the  detonation  of  pentaerythritol 
tetranitrate  (PETN)  pellets  were  analyzed  as  rapidly  as  the  molecules 
arrived  at  the  mass  spectrometer  detector.  It  was  found  that  all  of 
the  products  arriving  at  the  detector  earliest ,  irrespective  of  mass, 
had  the  same  velocity,  11  km  s~J  and  peaked  at  5  km  s~J.  The  width 
of  the  time  distributions  varied  from  one  species  to  another.  Mass 
and  velocity  spectra  of  the  important  products  were  obtained  and 
the  most  intense  signals  were  found  to  be  H20,  CO,  and  CO ^  but 
H20,  was  by  far  the  largest.  Smaller  signals  arising  from  0,  HCN, 
HCO  and  N02  were  also  found.  Comparisons  of  the  spectrum  with 
other  experiments  are  discussed 


INTRODUCTION 

We  present  the  results  of  some  recent  ex¬ 
periments  which  were  designed  to  measure 
some  of  the  characteristics  of  the  immediate 
detonation  products  of  explosive  substances. 
The  characteristics  we  report  here  are  the  mass 
spectrum  of  the  gaseous  products  of  PETN 
detonation  and  their  velocity  distributions. 
Ideally  we  would  like  to  report  these  properties 
as  a  function  of  time  starting  with  the  passage 
of  the  detonation  front  through  a  particular 
volume  of  the  explosive.  The  best  that  we  could 
do  here  is  to  examine  the  detonation  products 
after  they  had  expanded  to  a  sufficient  degree 
that  no  further  changes  of  state  could  occur. 
Our  experimental  conditions  are  such  that  in- 
termolecular  collisions  occur  only  between 
detonation  products  as  they  expand,  and  this 
expansion  occurs  freely,  being  unimpeded  by 
any  ambient  gases  or  surfaces  before  the 
molecular  products  are  detected.  Therefore,  we 
cannot  claim  that  our  observed  distributions  are 
characteristic  of  the  detonation  products  im¬ 
mediately  after  detonation  occurs,  or  before  ex¬ 
pansion  occurs.  On  the  other  hand  our  meas¬ 
urements  are  much  closer  to  achieving  that 
claim  than  the  usual  mass  spectrometric 
measurements. 

Several  mass  spectrometric  measurements  of 


detonation  products  and  decomposition  prod¬ 
ucts  have  been  reported  (1-7),  including  those 
from  PETN  (1,4, 5, 7).  Most  of  these  were  made 
on  time  scales  long  compared  to  ours  and  with 
expansion  constraints  sufficiently  restrictive 
that  no  time  history  of  product  formation  could 
be  deduced.  Relatively  fast  measurements  of 
decomposition  products  have  been  reported  (4), 
but  even  these  millisecond  time  scales  are  long 
compared  to  ours,  which  have  resolutions  m  the 
microsecond  range.  Only  two  other  groups  have 
reported  measurements  on  a  time  scale  similar 
to  ours:  those  of  Schilf  (6)  and  of  Hoh  (7).  Hoh 
has  examined  PETN  detonation.  However,  no 
subsequent  work  has  appeared  since  tnese 
reports. 

As  we  will  discuss  below,  our  distributions  in 
time  are  not  characteristic  of  products  emanat¬ 
ing  from  a  gaseous  volume  at  a  thermodynami¬ 
cally  prescribed  temperature.  There  are  signif¬ 
icant  differences  between  our  results  and  those 
of  Hoh.  Our  mass  spectra  are  different  than 
those  reported  from  usual  mass  spectrometric 
measurements. 

EXPERIMENTAL 

The  essential  features  of  our  apparatus  are 
represented  schematically  in  Fig.  1.  Explosive 
pellets,  in  this  case  PETN,  of  from  22  to  100  mg 
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Fig.  1.  Schematic  of  apparatus  for  detonation  products  studies.  Dimensions  are  not  to  scale 
(Dotted  section  is  an  alternative  detector  placement  sometimes  used  to  check  time  scale  of 
experiments.) 


weight  were  detonated  in  a  large  vacuum  v  esse! 
(119  cm  longX48  cm  wideX48  cm  high).  The 
gaseous  products  expanded  adiabatically  until 
they  arrived  at  the  first  collimating  aperture,  a 
skimmer  with  a  0.076  cm  hole.  By  the  time  the 
products  reached  this  aperture,  a  distance  of  43 
cm,  the  number  density  had  decreased  sufficient¬ 
ly  that  very  few  collisions  were  occurring,  so  that 
the  molecular  state  distributions  were  "frozen." 
Almost  all  of  the  molecules  that  passed  through 
this  aperture  reached  the  electron  impact  ionizer 
and  1/1000  were  ionized  to  be  mass  analyzed  by 
the  quadrupole  mass  filter. 

Before  firing  the  pellet,  the  pressure  in  the 
reaction  vessel  was  10-6  Torr,  which  subse¬ 
quently  rose  to  a  maximum  of  10-3  Torr  before 
diminishing.  However,  this  pressure  rise  occured 
only  after  the  products  had  collided  at  least  once, 
but  probably  several  times,  with  the  reaction 
vessel  wall.  By  that  time  our  measurements  were 
completed.  The  three  apertures  through  which 
the  molecules  passed  to  reach  the  detector 


served  mostly  to  prevent  the  slow  pressure  rise 
in  the  reaction  chamber  from  affecting  the  detec¬ 
tor  chamber.  The  solid  angle  subtended  by  the 
detector  was  determined  by  the  entrance  aper¬ 
ture  of ''  e  ionizer,  but  all  of  the  intervening  aper¬ 
tures  were  only  slightly  larger  than  necessary  to 
satisfy  this  condition.  Typically,  the  detector 
chamber  operated  at  4  to  5X10~9  Torr  and  no 
pressure  rise  was  observed  after  firing  a  j  ellet. 

Several  data  acquisition  schemes  were  used  to 
accept  the  output  signals  of  the  Channeltron 
electron  multiplier.  Most  of  the  data  was  pro¬ 
cessed  by  using  a  fast  pulse  preamplifier-ampli¬ 
fier/discriminator  and  a  multichannel  scaler 
(MCS)  combination.  Count  rates  of  up  to  5  MHz 
were  observed,  but  some  as  high  as  30  MHz  were 
encountered,  and  special  precautions  were  need¬ 
ed  to  prevent  saturating  the  Channeltron.  For 
accurate  time-of-flight  measurements  the  MCS 
was  set  at  10  ps/channel,  but  for  quantitative 
pulse  summation,  a  setting  of  50  ps/channel  was 
preferable.  The  flight  distance  from  pellet  to 
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TO  DETONATOR  FIRING  SET 


Fig.  2.  Carousel  on  which  pellets  are  mounted  so  that  several  detonation  measurements  can  be  made 
without  breaking  vacuum 


Fig.  3.  A  plot  of  raw  data  taken  from  the 
multichannel  scaler  (MCS)  for  two  mass  peaks, 
M=12  and  M—18 


ionizer  was  110  cm.  At  masses  higher  than  44 
it  was  necessary  to  use  an  alternative  data  ac¬ 
quisition  method  because  of  radio  frequency  in¬ 
terference  from  the  quadrupole.  A  storage  oscil¬ 
loscope  with  an  input  impedance  of  100  KQ 
shunted  by  20  pf  converted  the  Channeltron  out¬ 
put  to  an  analog  signal  that  was  photographed. 
Signals  ranging  from  2  mV  to  2.0  V  were 
obtained.  Both  the  MCS  and  the  oscilloscope 
were  triggered  by  a  voltage  pulse  across  a  50Q 
load  generated  by  the  current  induced  in  a  one 
turn  loop  around  one  terminal  of  the  firing 
module. 

PETN  pellets  having  a  density  of  1.5  to  1.6 
were  mounted  on  Kapton  slapper  assemblies 
driven  by  flat  copper  bridges  and  detonated  elec¬ 
trically  with  a  5  J  pulse  from  an  FS-10  firing 
module  (Reynolds  Industries,  EBW  System).  Up 
to  30  of  these  were  mounted  on  a  carousel  that 
was  rotated  externally  to  the  reaction  vessel. 
Alignment  of  the  pellet  with  the  detector  axis 
was  done  with  a  grain-of-wheat  light  bulb-photo¬ 
diode  arrangement  through  indexing  holes  in  the 
carousel.  Fig.  2  is  a  sketch  of  the  carousel  pellet 
holder. 
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Fig.  4.  Mass  spectrum  of  PETN  detonations.  Intensities  were  obtained  by  summing  all  recorded 
counts  of  data  such  as  in  Fig.  S  and  correcting  for  ionization  efficiencies  (Circles  are  masses 
for  which  no  measureable  signals  were  observed.) 


RESULTS  AND  DATA  ANALYSIS 

Figure  3  is  a  plot  of  the  number  of  counts 
stored  in  each  channel  of  the  MCS  as  a  function 
of  time  for  two  mass  peaks,  M=12  and  M=18. 
The  dwell  time  was  50ps  per  channel.  For  the 
M=18  distribution  it  was  necessary  to  reduce 
the  electron  ionizing  current  by  a  factor  of  5  to 
eliminate  st  turating  the  Channeltron.  Figure  4 
is  a  plot  of  the  mass  spectrum  for  PETN.  Each 
mass  required  detonating  a  pellet,  and  the  quan¬ 
tity  plotted  for  each  mass  is  directly  proportional 
to  the  sum  of  all  the  counts  above  background 
from  distributions  of  the  kind  shown  in  Fig.  3. 
For  the  more  important  masses,  M  =  l,  18,  28, 
30,  4 A,  from  2  to  6  shots  were  a/eraged.  The 
results  were  normalized  to  make  the  counts 
recorded  at  M=18  have  a  value  of  100  and  cor¬ 
rected  for  ionization  efficiency  as  discussed  later. 

Figure  5  shows  flux  distributions  for  M  =  18, 
28,  and  44  as  a  function  of  time,  velocity,  and 
energy.  These  were  obtained  from  distributions 
of  the  kind  shown  if  Fig.  3  by  fitting  the  MCS 
data  with  cubic  splines  and  then  using  the  ap¬ 
propriate  Jacobian  to  transform  these  analytical 
number  densities  to  a  flux  distribution.  The  time 


at  each  channel  was  taken  to  be  that  at  the 
center  of  the  channel  t=(n— l/2)At.  Here  n  is  the 
channel  number  and  At  is  the  dwell  time  of  the 
MCS  in  acquiring  the  data.  To  convert  to  veloci¬ 
ty,  the  Jacobian  is  proportional  to  the  time  t  at 
each  point  and  to  convert  to  energy  it  is  t2. 


DISCUSSION 

The  most  prominent  feature  of  the  mass  spec¬ 
trum  in  Fig.  4  is  that  at  mass  18,  H20+.  Our 
best  estimate  is  that  it  is  about  a  factor  of  5 
larger  than  that  at  M=28,  the  next  largest 
unrelated  feature.  Mass  17  is  consistent  with  the 
dissociative  ionization  of  H20  to  OH+,  and 
therefore  there  is  very  little  NH3+  in  the  spec¬ 
trum.  The  peak  at  M=15  is  probably  CH3+,  so 
that  at  most  only  3%  of  the  M=16  can  arise 
from  CH4+.  M=16  is  then  0+,  but  it  must  be 
noticed  that  02+  is  very  small.  Mass  44  is  clear¬ 
ly  COo+  since  the  expected  peak  at  M=22, 
C02++  has  the  correct  magnitude.  Most  likely 
mass  28  is  predominantly  CO+.  We  cannot 
determine  if  the  mass  peaks  at  m=l,  12, 14  are 
fragmentation  ions  from  larger  parent  molecules. 
We  observe  evidence  for  the  presence  of  HCN, 
HCO,  but  the  mass  30  peak  is  probably  fragmen- 
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tation  from  N02,  the  parent  being  clearly  evi¬ 
dent  at  mass  46.  There  are  no  signals  at  masses 
2,  8,  24  (C2+)  with  significant  intensity  above 
the  background  or  electrical  noise. 

The  intensities  in  Fig.  4  have  been  corrected 
approximately  for  the  ionization  efficiency  of  the 
species.  The  stable  molecules,  H20,  CO,  and 
C02,  N02,  were  corrected  by  using  published 
tables  of  relative  sensitivities  (8)  at  electron  im¬ 
pact  energies  of  70  eV.  Our  electon  energy  was 
actually  100  eV.,  but  the  relative  intensities 
should  be  about  the  same.  We  corrected  the  ion 
signals  at  M=l,  12,  15  as  though  they  were 
fragments  from  CH4.  For  other  masses,  such  as 
M=16  or  29,  for  which  the  species  is  too  uncer¬ 
tain  or  for  which  no  sensitivities  were  available, 
we  left  uncorrected. 

This  spectrum  is  in  sharp  contrast  to  the  mass 
spectrum  of  confined  or  unconfined  detonations 
of  PETN  (1)  using  steady  state  analysis  meth¬ 
ods.  To  the  level  of  accuracy  appropriate  to  these 
experiments,  both  the  confined  and  unconfined 
detonations  have  similar  product  spectra,  with 
most  of  the  products  appearing  at  M= 18, 28  and 
44.  Each  of  these  has  about  the  same  fractional 
molecular  yield,  3.4  to  3.7  molecules  per  molecule 
of  PETN.  The  strength  of  our  mass  18  product 
is  not  consistent  with  this  pattern  of  yield.  The 
faster  time  resolved  mass  spectra  obtained  from 
fracturing  studies  (4)  reveal  the  presence  of 
radicals,  such  as  CH3  at  mass  15,  that  are  pres¬ 
ent  in  our  spectrum  but  which  are  understand¬ 
ably  absent  in  the  equilibrium  analysis.  But  for 
the  fracturing  experiments  also,  the-  peak  at 
M  =  18  (H20)  has  a  conspicuously  lov/er  relative 
intensity  than  our  results  indicate.  Fracturing 
PETN  also  produces  some  high  mass  products, 
namely  M=60  and  76,  attributed  to  CH2ONO 
and  CH20N02.  As  the  fracturing  becomes  more 
energetic,  only  the  M=60  persists.  Our  ex¬ 
periments  indicated  the  trace  presence  of  M=60, 
M=62  |0N02)  and  M=76  but  in  such  small 
amounts  that  a  quantitative  estimate  is  imprac¬ 
tical  to  make.  Hoh  (7),  on  the  other  hand,  reports 
a  spectrum  with  many  features  in  common  with 
ours,  but  the  most  prominent  feature  is  mass  28. 
In  contrast  to  our  results,  mass  28  is  larger  than 
the  mass  18  by  a  factor  of  3  and  larger  than  mass 
44  by  a  factor  of  7.  So  while  the  presence  of 
radicals  is  corroborated  in  both  free  expansion 
experiments,  the  quantitative  details  of  the  spec¬ 
trum  differ  considerably. 


Clearly  the  mass  balance  of  all  of  these  spec¬ 
tra  must  add  up  to  that  of  the  explosive,  and  the 
steady  state  mass  spectra  have  been  shown  to 
do  that.  Our  measurements  are  too  quantitative¬ 
ly  uncertain  to  allow  such  an  analysis,  especially 
since  the  time  dependence  must  also  be  included 
in  such  an  analysis. 

Examinations  of  the  plots  of  the  kind  shown 
in  Fig.  3  or  those  of  Fig.  5  show  that  the  initial 
arrival  time  of  all  the  masses  has  close  to  a  com¬ 
mon  value,  and  that  the  most  probable  arrival 
time  for  all  the  distributions  also  show  that 
same  trend.  Typically,  the  initial  time  is  about 
100  ps  and  the  most  probable  215  ps.  These  cor¬ 
respond  to  velocities  of  1 1  km/s  and  5  km/s  (no 
corrections  have  been  made  for  the  uncertain 
ion  flight  time,  but  this  correction  is  small).  Of 
course,  after  transforming  to  velocity  coor¬ 
dinates,  the  most  probable  flux  velocity  is  not 
the  same  as  the  velocity  corresponding  to  the 
peak  of  the  arrival  time.  The  most  probable 
velocity  becomes  4  km/s. 

The  uniformity  of  the  early  arrival  times,  or 
alternatively  of  the  higher  velocities  irrespective 
of  mass,  clearly  indicates  that  these  molecules 
did  not  originate  from  a  gas  that  could  be 
characterized  by  a  temperature  distribution. 
This  feature  is  reminiscent  of  a  hydrodynamic 
expansion  of  a  gas  at  very  high  Mach  numbers 
with  very  little  viscous  slippage  between  the  con¬ 
stituent  masses.  Using  mass  28  as  an  example, 
the  peak  velocity  would  be  appropriate  to  a 
temperature  of  15000K,  while  the  spread  in 
velocity  for  our  observed  distribution  is  4000K. 
However,  as  we  see  in  Fig.  3,  the  width  of  the 
distribution  depends  on  the  mass  of  the  ion 
observed.  If  the  mass  12  signal  is  C+  from  the 
dissociative  ionization  of  the  heavier  parent 
mass,  such  CH3,  one  would  not  expect  the 
widths  to  differ  significantly  from  other  masses. 
Perhaps  mass  12  comes  from  unreacted  C  as  a 
product. 

Transforming  to  energy  coordinates  is  easily 
done,  as  we  show  in  Fig.  5,  but  the  shape  of  the 
curves  is  more  questionable.  This  is  because  of 
the  broad  time  distributions  and  the  large  effect 
of  the  t2  Jacobian.  Even  small  waviness  in  the 
time  distribution  arising  from  the  spline  fitting 
procedure  produces  spurious  bumps  in  the 
distribution.  Where  the  energy  distribution 
peaks  is  also  very  difficult  to  determine.  None¬ 
theless,  we  see  that  there  are  a  considerable 
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number  of  products  with  energies  in  the  elec¬ 
tron  volt  region. 

The  velocities  we  obtain  are  about  half  of 
those  obtained  by  Hoh,  et  al.  (7)  and  our  early 
arrival  times  are  more  uniform  than  theirs. 
Nonetheless,  it  is  clear  that  for  both  ex¬ 
periments  the  distributions  have  a  considerable 
mass  flow  velocity  superimposed  on  the  ther¬ 
mal  kinetic  ene.gy  distributions.  It  is  tempting 
to  speculate  that  our  early  arriving  molecules 
are  products  that  emanate  from  a  thin  layer 
near  the  closest  surface  of  the  PETN  pellet. 
These  are  moving  the  fastest  after  the  pellet 
detonates  and  are  moving  in  the  direction  of  the 
detector.  Since  most  of  our  products  have  about 
the  same  mass  and  not  very  different  collision 
cross  sections,  they  become  uniformly  ac¬ 
celerated  from  behind  by  the  remainder  of  the 
expanding  products. 

We  speculate  a  bit  further  and  suggest  that 
for  a  particular  species  being  detected,  the  time 
during  which  a  molecule  arrives  at  the  detector 
is  determined  by  the  depth  in  the  pellet  from 
which  it  originated.  The  later  a  molecule  arrives, 
the  deeper  in  the  pellet  the  product  was  formed. 
Those  molecules  arriving  early  should  have  ex¬ 
perienced  the  fewest  number  of  collisions,  before 
the  collisions  ceased,  and  the  late  arrivals  the 
most.  Evidence  supporting  this  picture  arises 
from  examining  the  time  dependent  data  of  the 
kind  shown  in  Fig.  3.  We  observe  that  mass 
peaks  that  we  have  assigned  to  radicals  have 
a  shorter  distribution  of  arrival  times  than  the 
stable  s,  -ecies,  such  as  H20,  CO,  and  C02.  For 
example,  from  Fig.  3  we  see  that  at  arrival  times 
longer  than  1  ms  (20  channels)  there  are  effec¬ 
tively  only  background  counts  for  M  =  1 2,  while 
at  1  ms, the  M  =  18  counts  are  only  reduced  to 
35%  of  the  peak  value.  Short  time  distributions 
are  a  characteristic  of  most  of  the  mass  peaks 
not  associated  with  the  stable  molecules.  The 
exceptions,  such  as  H  and  0  atoms  and  OH,  in¬ 
dicate  that  some  of  these  species  are  produced 
in  the  detector  ionizer  by  electron  impact  with 
the  stable  species  such  as  H20.  The  late  arriv¬ 
ing  molecules  have  had  a  sufficient  number  of 
strong  collisions  to  have  approached  equilibri¬ 
um  conditions  so  that  radicals  are  missing. 
They  have  been  consumed  into  the  near-equi¬ 
librium  population  of  product  states.  Apparent¬ 
ly  the  fastest  molecules  have  had  fewer  colli¬ 
sions  so  that  radical  products  are  “frozen” 


into  the  product  distribution.  Analyzing  only 
products  detected  after  1  ms  indicates  that  the 
stable  product  intensities,  M=18, 28  and  44  are 
still  considerably  different  than  those  obtained 
from  steady-state  conditions,  (1)  although  the 
difference  is  not  as  dramatic  as  obtained  from 
Fig.  4. 
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DISCUSSION 

DR.  RAYMOND  F.  WALKER,  Walker 
Associates 

Is  it  possible  that  the  high  intensity  of  H20 
seen  in  spectra  derives  from  water  vapor  re¬ 
tained  on  the  surface  of  the  samples  and  com¬ 
ponents  of  your  system?  Normally  many  hours 
of  high  temp,  baking  are  necessary  to  drive  off 
such  retained  water.  I  presume  you  could  not 
do  this  without  decomposing  the  PETN.  The 
detonation  of  the  PETN  would  be  expected  to 
give  a  burst  of  released  vapor  at  least  from  com¬ 
ponents  in  line  wtih  the  detonation  wave. 

REPLY  BY  N.C.  BLAIS 

Your  question  is  a  very  provocative  one  and 
I  wish  that  I  could  give  you  a  good  answer  one 
way  or  the  other,  but  I  can  offer  only  some  rele¬ 
vant  comments.  First,  I  will  admit  that  the 
possibility  of  absorbed  water  had  not  occurred 
to  me  so  your  question  takes  me  a  little  by  sur¬ 
prise.  I  suppose  that  water  retained  near  the 
surface  of  the  pellet  could  be  at  least  partly 
responsible  and  I  certainly  intend  to  investigate 
this  as  a  possibility. 

There  are  two  observations  that  lead  me  to 
believe  that  absorbed  surface  water  cannot  be 
of  great  importance.  Neither  of  these  observa¬ 
tions  are  discussed  in  the  presented  paper,  but 
are  the  consequences  of  work  done  subsequent¬ 
ly  to  these  experiments. 

We've  done  some  experiments  in  which  non¬ 
reactive  constituents,  such  as  Ar,  have  been 
deposited  on  the  surface  of  detonating  material, 
such  as  nitric  oxide  shocked  by  a  PETN 
booster.  These  deposits  were  thin  compared  to 
the  amount  of  nitric  oxide  being  shocked.  The 
time  history  of  Ar  detection  was  found  to  be 
what  one  would  expect  from  a  thin  film,  i.e.,  we 
observed  a  short  pulse  of  mass  40  products,  in 
other  words,  the  time  duration  of  Ar  arrival  at 
the  detector  was  short  compared  to  that  of  the 
detonation  products,  such  as  N2.  The  com¬ 
parison  is  similar  to  what  is  shown  between 
M  =  12  and  M  =  18  in  Fig.  3.  It  would  seem 
reasonable  to  me  that  any  absorbed  water 
would  contribute  signal  primarily  at  the  very 
early  arrival  times  of  M- 18.  Clearly  there  can¬ 
not  be  much  contribution  from  water  absorbed 
in  the  PETN  pellet  volume  since  this  much 


water  would  have  affected  the  measured  density 
of  the  pellet. 

Another  observation  that  is  relevant  to  your 
question  is  that  HNS  products  do  not  exhibit 
an  unexpectedly  large  water  peak.  On  the  basis 
of  steady-state  measurements,  one  expects 
M=28  to  dominate  the  spectrum,  which  is  what 
we  observe,  and  M=I8  is  actually  a  little  less 
than  expected  on  this  basis.  Of  course,  each 
substance  absorbs  water  differently  than 
others,  but  I  don’t  expect  polycrystalline  pellets 
to  be  remarkably  different. 

Any  water  absorbed  on  apparatus  com¬ 
ponents  has  to  be  insignificant,  since  the 
molecular  beam  detector  “sees”  only  the  center 
of  the  pellet  and  one  stainless  steel  defining 
aperture. 

DISCUSSION 

DR.  CHARLES  DICKINSON,  Naval  Surface 
Weapons  Center 

Do  the  elemental  ratios  of  the  products  cor¬ 
respond,  roughly,  to  those  of  PETN? 

REPLY  BY  N.C.  BLAIS 

We  haven’t  really  worked  at  examining  the 
mass  or  elemental  balance  of  our  results,  and 
we  so  state  in  our  presentation.  Because  of  the 
present  apparatus  limitations,  the  uncertainties 
in  the  spectrum  of  Fig.  4  are  large,  amounting 
to  at  least  20%  for  the  intense  peaks  and 
perhaps  40%  for  the  weaker  signals.  Both  the 
intensity  and  time  dependence  must  be  con¬ 
sidered,  and  these  vary  from  shot  to  shot,  dur¬ 
ing  which  only  one  mass  can  be  examined. 

Also,  we  cannot  distinguish  between  N2  and 
CO  at  M=28.  Without  an  independent  experi¬ 
ment  to  differentiate  between  the  two  we  would, 
in  effect,  be  using  mass  balance  to  decide  what 
fraction  was  N2  and  what  was  CO. 

DISCUSSION 

DR.  FRED  VOLK,  Fraunhofer  Institute, 
Baden,  FRG 

Was  it  possible  to  analyze  HCN  quantitatively? 

REPLY  BY  N.C.  BLAIS 

Our  results  can  be  made  quantitative  in  the 
following  sense:  we  made  the  important  correc¬ 
tions  for  apparatus  discrimination  arising  from 
ionization  efficiency,  collection  efficiency,  etc. 
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so  that  our  plot  of  Fig.  4  ;s  what  we  feel  is  our 
best  guess  as  to  relative  densities.  Therefore, 
if  we  believe  that  our  system  satisfies  mass 
balance,  then  about  0.5  nig  of  FCN  was  pro¬ 
duced  from  each  22-mg  pellet. 

Several  cautions  are  required  in  considering 
my  reply.  First,  our  experiments  are  not  done 
under  equilibrium  conditions  nor  even  at  steady 
state.  Therefore,  it  is  quite  possible  that  dif¬ 
ferent  size  pellets  or  slightly  different  densities 
of  pellet  would  change  the  relative  yield  of 
species  such  as  HCN.  This  molecule  is  not  an 
important  stable  detonation  product  of  PETN. 
Our  experiments  were  not  intended  to  compete 
with  equilibrium  measurements,  so  the  need  to 
be  quantitat:ve  is  not  urgent.  Second,  as  I 
stated  in  a  response  to  a  question  of  C.  Dickin¬ 
son,  our  uncertainties  are  large,  so  that  we  made 
no  effort  to  convert  all  of  our  time-number  den¬ 
sity  distributions  to  flux  distributions.  It  is  the 
time  integration  of  these  fluxes  that  we  should 
have  plotted  in  Fig.  4,  but  the  error  in  inte¬ 
grating  the  number  densities  instead  was 
negligible  compared  to  our  uncertainties. 

DISCUSSION 

JOHN  A.  SANCHEZ.  Los  Alamos 
National  Laboratory 

I  noticed  a  lack  of  N  in  your  analysis  of 
gaseous  products.  Do  you  believe  it  all  has  gone 
to  NO,  or  N02,  or  can  you  not  see  it  at  the  28 
peak? 


atoms  in  NO  and  NOo  would  appear  eventual¬ 
ly  in  N2. 

DISCUSSION 

INDU  B.  MISHRA,  Kanan  Associates 

I  find  it  difficult  to  understand  how  you  got 
H  atom  and  no  H2  molecule,  especially  using  a 
low  resolution  quadrupole  MS.  If  it  is  indeed 
true,  it  can  happen  only  if  H  atoms  are  formed 
in  the  decomp  and  are  removed  very  fast  in 
forming  species  other  than  H2.  Any  thoughts 
on  what  the  other  fast  recombination  steps  may 
be? 

REPLY  BY  N.C.  BLAIS 

We  checked  carefully  the  point  that  it  was  in¬ 
deed  M=1  we  were  observing  and  not  M=2. 
Since  H20  is  our  most  prominent  peak,  it  seems 
resonable  that  this  is  a  likely  place  to  find  the 
H  atoms  from  the  initial  PETN,  and  a  smaller 
amount  is  also  in  CH3.  At  least  some  of  the  H 
atom  signal  seems  to  arise  from  electron  impact 
fragmentation  in  the  detector  of  the  products 
H20  and  CHn.  I  must  point  out  that  H2  is  a 
minor  constituent  of  steady-state  products  of 
PETN  detonation. 


REPLY  BY  N.C.  BLAIS 

I  presume  that  you  intended  to  address  your 
question  to  the  lack  of  nitrogen  molecules  rather 
than  to  nitrogen  atoms.  In  truth,  I  cannot  real¬ 
ly  distinguish  between  N2  and  CO  which  both 
have  mass  28.  My  labeling  of  the  mass  peak  at 
M — 28  as  CO  is  a  resumption  on  my  part  based 
on  two  hservations.  One  is  that  there  is  a  con¬ 
siderable  amount  of  nitrogen  atoms  bound  in¬ 
to  NO  and  N02.  The  other  is  that  if  M =28  was 
largely  N2.  then  the  mass  peak  at  M  =  14  should 
nave  had  the  same  time  dependence  us  M  =  28 
because  of  electron  impact  fragmentation  of  N2. 
But  M  =  14  had  a  much  narrower  time  distribu¬ 
tion  than  did  M  =  28.  Incidently,  neither  NO  nor 
N02  are  significant  steady-state  products  of 
PETN  detonation,  so  that  if  a  high  temperature, 
1  "h  pressure  is  maintained,  all  of  the  nitrogen 
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Lead  styphnate  and  mercury  fulminate  are  initiated  with  the 
ultraviolet  pulse  of  an  excimer  laser.  Emission  spectra  are  recorded 
of  the  decomposition  products  formed  during  and  immediately  after 
initiation.  In  the  spectra  of  lead  styphnate  the  emission  of  atomic 
lead  can  be  recognized.  Transitions  of  the  CN  radical  are  found  in 
the  emission  spectra  of  mercury  fulminate.  It  is  shoivn  that  the 
relative  concentrations  of  the  emitting  particles  depend  very  strongly 
upon  the  density  of  the  primary  explosive. 


INTRODUCTION 

For  a  better  understanding  of  the  sensitivity 
phenomenon  of  explosives  it  is  of  the  utmost  im¬ 
portance  to  know  the  kinetics  of  the  decomposi¬ 
tion  reactions  during  and  immediately  after  the 
initiation  pulse. 

The  disadvantage  of  most  detection  tech¬ 
niques  which  try  to  follow  these  decomposition 
reactions  is  that  they  are  rather  slow  as  com¬ 
pared  to  the  rate  at  which  explosives  decompose 
in  detonation-  and  deflagration-like  reactions. 
It  is  exactly  this  reaction  rate  regime  which 
determines  the  explosive  properties  during 
initiation. 

One  of  the  examples  of  a  technique  which  uses 
relatively  high  temperatures  is  the  Thermal 
Step  Test  (11  in  which  the  explosive  is  heated 
to  temperatures  up  to  1400  K  in  a  very  short 
time  interval.  Subsequently  the  induction  time, 
which  can  be  as  short  as  50ps,  is  measured. 
From  these  experiments  it  has  become  evident 
that  the  decomposition  of  explosives  at  higher 
temperatures  is  not  as  straightforward  as  could 
be  expected  frorr.  extrapolation  of  the  results  at 
lower  temperatures.  This  test  also  offers  the 
possibility  to  distinguish  between  primary  and 


secondary  explosives  and  to  correlate  the  induc¬ 
tion  times  to  the  impact  sensitivities  of  the 
explosives. 

The  laser  is  also  an  energy  source  which  can 
add  a  large  amount  of  energy  to  an  explosive 
in  a  very  short  time  interval.  However,  the 
literature  on  the  use  of  a  laser  as  an  initiating 
source  is  scarce.  Brish  was  the  first  to  report 
on  the  initiation  of  lead  azide  with  a  Nd  glass 
laser  in  1966  (2).  Later,  other  research  groups 
in  the  USSR  (3),  UK  (4)  and  USA  (5,  6)  used  a 
laser  to  initiate  high  explosives. 

The  use  of  a  laser  in  intiation  experiments  has 
two  major  advantages: 

•  firstly,  a  well-defined  amount  of  energy  is 
added  to  the  explosive,  contrary  to  other  initia¬ 
tion  mechanisms  as  impact  or  friction  where  the 
energy  transfer  to  the  explosive  is  not  clear  at 
all,  and 

*  secondly,  the  wavelength  of  the  laser  can  be 
made  to  coincide  with  an  absorption  band  of  the 
explosive  to  have  an  even  more  effective  energy 
transfer  to  the  explosive;  hitherto  this  has  not 
been  the  case  in  most  experiments  since  ruby 
or  Nd-YAG  lasers  are  used  which  emit  in  the 
red  or  infrared  part  of  the  spectrum,  whereas 
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most  explosives  absorb  in  the  blue  or  ultraviolet 
part. 

Recently,  we  published  the  first  results  on  the 
initiation  of  primary  explosives  by  an  excimer 
laser  emitting  in  the  ultraviolet  part  of  the  spec¬ 
trum  (7).  An  unconfined  pellet  of  explosive  was 
irradiated  by  a  laser  pulse  (1  kJ/m2)  and  the 
light  emitted  by  the  explosive  and/or  its  decom¬ 
position  products  was  measured.  It  was  found 
that  the  induction  times,  the  time  lapse  between 
the  laser  pulse  and  the  moment  the  light  inten¬ 
sity  is  at  maximum,  increase  in  the  order  lead 
azide  =  silver  azide  <  diazodinitrophenol  <  lead 
styphnate  <  mercury  fulminate,  which  is  not  the 
s  re  order  as  found  for  the  heat  or  impact  sen¬ 
sitivities  of  these  explosives.  This  might  be  an 
indication  that  the  initiation  of  explosives  by 
a  laser  is  not  purely  thermal  in  origin. 

In  the  experiments  described  above  the  light 
is  not  resolved  spectroscopically  and  therefore 
no  information  is  obtained  about  the  reaction 
products  formed  during  the  initiation.  In  this 
paper  the  emission  spectra  of  lead  styphnate 
(LS,  Pb  (C609N3H3)  )  and  mercury  fulminate 
(MF,  HJONC)  2)  which  have  been  recorded  im¬ 
mediately  after  initiation  with  an  excimer  laser 
are  presented.  As  far  as  we  are  aware  this  is  the 
first  time  that  emission  spectra  due  to  atomic 
and  molecular  species  formed  within  a  few 
milliseconds  after  initiation  are  presented. 

EXPERIMENTAL 

A  schematic  representation  of  the  experimen¬ 
tal  set-up  is  given  in  Fig.  1. 
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Fig.  1,  Schematic  representation  of  the  ex¬ 
perimental  set-up  (see  also  text) 

About  20  mg  of  the  explosive  (MF  or  LS  with 
a  purity  better  than  99%)  is  pressed  to  a  pellet 


of  5  mm  diameter  and  about  0,5  mm  thickness. 
The  density  of  the  explosive  can  be  varied  by 
varying  the  pressing  force  up  to  0,15  MN.  The 
pellet  is  placed  on  a  hardened  steel  pin  in  a  sam¬ 
ple  holder  and  the  laser  beam  is  focused  direct¬ 
ly  on  the  sample. 

The  laser  pulse  is  delivered  by  an  excimer 
laser  (Lambda  Physik  EMG  200}  using  the  KrF 
line  at  248  nm  and  a  pulse  duration  of  15  ns. 
The  beam  is  focused  onto  the  sample  by  means 
of  a  lens  so  that  a  spot  of  about  1x2  mm2  is 
irradiated  with  an  energy  density  of  100  kJ/m2. 

The  light  emitted  by  the  decomposition  prod¬ 
ucts  is  detected  by  a  photodiode  which  is 
situated  close  to  the  sample  holder,  and  whose 
signal  is  fed  into  a  100  MHz  transient  recorder 
(LeCroy,  TR8818). 

Simultaneously,  the  light  emitted  by  the 
products  just  in  front  of  the  sample  holder  is 
focused  via  two  lenses  onto  the  entrance  slit  of 
a  60-cm  spectrograph  (Jobin  Yvon,  HRS-2, 1200 
lines/mm).  The  resolved  light  is  detected  by  an 
intensified  optical  multichannel  analyser  (.Spec¬ 
troscopy  Instruments,  IRY1024).  With  this 
combination  the  spectral  resolution  is  better 
than  0,1  nm.  The  optical  multichannel  analyser 
is  controlled  by  a  control  unit  and  a  gate  pulser 
triggered  by  a  trigger  pulse  from  the  laser.  With 
the  gate  pulser  an  initial  delay  (100  ns  -  5  ms) 
and  a  gate  (100  ns-5  ms)  can  be  programmed 
to  set  the  time  interval  in  which  the  multichan¬ 
nel  plate  o c  the  optical  multichannel  analyser  is 
activated.  I  personal  computer  takes  care  of 
the  control  of  all  apparatus  and  of  data 
handling. 

RESULTS  AND  DISCUSSION 

When  a  pellet  of  LS  or  MF  is  irradiated  with 
a  focused  laser  beam  both  ignite  but  the  effects 
and  the  induction  times  differ  considerably.  In 
the  case  of  LS  a  loud  report  is  heard  indicating 
a  detonating  type  of  reaction  and  the  induction 
time  varies  between  170  and  240ps.  Under  com¬ 
parable  experimental  conditions  the  sample  of 
MF  deflagrates  with  an  induction  time  between 
6  and  11  ms.  Also  the  intensity  of  the  light 
emitted  is  much  more  intense  for  LS  than  for 
MF  (Fig.  2).  The  pellets  of  the  explosives  are 
hardly  pressed,  about  1  kN  for  LS  and  even  less 
for  MF.  A  higher  loading  force  increases  the  in¬ 
duction  time  of  LS  up  to  about  700^s  for  press¬ 
ing  forces  abuve  10  kN.  Samples  of  MF  cannot 
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tig.  2.  The  output  of  the  photodiode  for  LS  and 
MF  (note  the  difference  in  time  scale) 

initiated  any  more  when  the  density  of  the  pellet 
is  increased  strongly  (dead  press  effect)  (7). 

The  emission  spectra  for  these  two  explosives 
are  quire  different.  The  spectra  have  been  ob¬ 
tained  by  focusing  the  light  emitted  about  1  cm 
in  front  of  the  sample  onto  the  entrance  slit  of 
the  spectrograph,  so  that  the  light  emitted  by 
species  which  are  formed  in  an  early  stage  of  the 
decomposition  process  are  monitored.  The  gate 
pulser  is  set  at  a  time  window  between  0,1  ms 
and  2  ms  after  the  laser  pulse  for  LS  and  be¬ 
tween  2  ms  and  7  ms  for  MF. 

The  emission  of  LS  consists  of  both  narrow 
lines  and  broad  bands.  The  most  intense  lines 
are  observed  at  wavelengths  between  360  and 
410  nm  (see  Fig.  3).  Weaker  lines  are  found  at 
261,  266,  280,  283  and  287  nm.  The  broader 
bands  are  found  for  wavelengths  longer  than 
410  nm  and  extend  to  over  700  nm  (see  Fig.  4). 


Fig.  3.  Emission  spectrum  of  decomposition 
products  of  LS  between  350  nm  and  410  nm 


Fig.  4.  Emission  spectrum  of  decomposition 
products  of  LS  between  410  nm  and  520  nm 

The  positions  of  the  lines  correspond  with  elec¬ 
tronic  transitions  of  th6  lead  atom,  indicating 
that  atomic  lead  is  already  formed  in  an  early 
stage  of  the  initiation  (8). 

Contrary  to  the  atomic  lines  the  bands  at 
longer  wavelengths  have  to  be  ascribed  to  the 
emission  of  molecular  species.  The  broad  fea¬ 
tures  are  characterized  by  a  regular  pattern 
with  a  progression  of  about  500  cm-1. 

The  spectrum  of  MF  looks  completely  dif¬ 
ferent  and  more  complicated.  As  is  the  case  for 
LS  atomic  lines  of  mercury  are  also  found,  but 
much  less  intense  than  for  lead  (313  and  365 
nm).  Besides,  a  much  larger  number  of  lines  is 
found,  see  for  example  Figs.  5,  6,  and  7. 


Fig.  5.  Emission  spectrum  of  decomposition 
products  of  MF  showing  the  emission  due  to  the 
CN  radical;  for  a)  the  pressing  force  on  the  sam¬ 
ple  has  been  increased  slightly  compared  to  b) 
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Fig.  6.  Emission  spectrum  of  decomposition  products  of  MF  between  395  nm  and  465  nm 


The  line  at  389.1  nm  in  fig.  5b  can  be  ascribed 
to  the  vibrationless  transition  B21~*  A 2n  of  the 
CN  radical  (9).  The  lines  at  387.9  and  385.0  nm 
belong  to  transitions  from  higher  vibrational 
levels  while  the  vibrational  quantum  number 
does  not  change.  The  transitions  at  which  the 
vibrational  quantum  number  does  change  are 
found  around  359  nm  (Av  =  —1)  and  between 
415  and  422.5  nm  (Av  =  +1),  see  Fig.  6.  The  oc¬ 
currence  of  these  bands  indicates  that  CN 
radicals  are  formed  during  the  initiation  of  the 
fulminate.  However,  the  amount  of  CN  radicals 
is  strongly  dependent  on  the  experimental  con¬ 
ditions.  As  has  already  been  mentioned  a  very 
small  increase  in  the  pressing  force  drastically 
reduces  the  light  output  after  initiation  of  MF. 
This  reduction  is  accompanied  by  a  change  in 
the  relative  intensities  of  the  peaks  in  the  spec¬ 
tra,  see  Fig.  5a.  An  increase  in  the  sample  den¬ 
sity  decreases  the  CN  emission. 


*40  44i  *60  *S6 


Fig.  7.  Emission  band  with  rotational  structure 
of  a  decomposition  product  of  MF 

The  emission  band  at  about  645  nm  shows  a 
t  stinctly  rotational  structure,  see  Fig.  7.  Un- 
h  rtunately,  we  did  not  yet  succeed  in  ascribing 
this  band  or  one  of  the  others  to  one  of  the  small 


particles  formed  during  the  initiation  of  the 
fulminate.  They  do  not  originate  from  the  ONC 
radical,  so  it  appears  that  bond  breaking  be¬ 
tween  the  mercury  and  the  fulminate  group  is 
not  the  first  step  in  the  initiation  of  MF  (10). 

It  is  the  purpose  of  this  paper  to  show  that 
it  is  feasible  to  follow  decomposition  kinetics 
during  the  initiation  of  explosives.  It  is  not  our 
objective  to  give  a  full  description  of  all  the 
phenomena  observed.  The  results  shown  here 
indicate  that  a  large  amount  of  information  can 
be  obtained  by  this  detection  technique  and  that 
the  influence  of  numerous  parameters  has  to  be 
further  investigated  such  as  for  instance:  con¬ 
finement,  laser  energy,  laser  wavelength,  posi¬ 
tion  etc.  Also  the  laser  initiation  of  secondary 
explosives  will  be  reported  in  the  near  future. 
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STATIC  HIGH  PRESSURE  STUDY  OF  NITRIC  OXIDE  CHEMISTRY: 
PROPOSED  MECHANISM  FOR  NITRIC  OXIDE  DETONATION 


Basil  I.  Swanson,  Stephen  F.  Agnew  and  N.  Roy  Greiner 
Los  Alamos  National  Laboratory 
Los  Alamos,  New  Mexico 


The  chemistry  of  nitric  oxide  under  static  high  pressure  conditions 
has  been  studied  using  diamond  anvil  cells  and  spectroscopic 
methods.  Pressurized  samples  warmed  rapidly  to  room  temperature 
undergo  facile  disproportionation  to  first  form  an  intermediate  which 
further  reacts  to  form  N20,  N203,  N204  and  N0+N03.  Crystalline 
nitric  oxide  maintained  at  80K  is  observed  to  react  at  ca.  2.5  GPa 
to  form,  dominantly,  N2,  C2  and  N0+N03.  The  complex  chemistry 
of  nitric  oxide  is  best  explained  in  terms  of  two  competing  primary 
reaction  mechanisms  involving  the  direct  formation  of  N2  and  02, 
and  disproportionation  to  form  N20  and  N0+N03.  The  dispropor¬ 
tionation  reaction,  which  is  favored  under  higher  temperature  con¬ 
ditions,  releases  two-thirds  of  the  total  energy  content ,  and  is  believed 
to  be  important  in  the  early  chemistry  accompanying  shock-initiation 
of  nitric  oxide.  Laboratory  scale  detonation  studies,  where  the 
gaseous  products  are  anlyzed  spectroscopically,  show  evidence  for, 
dominantly,  disproportionation  and  a  small  amount  of  N2/02  pro¬ 
duction.  This  study  points  to  the  importance  of  condensed  phase  con¬ 
certed  reactions  as  well  as  ions  and  ionic  reaction  mechanisms  in  the 
shock-initiated  detonation  of  HE's. 


INTRODUCTION 

The  macroscopic  properties  of  a  large  varie¬ 
ty  of  high  explosives  have  been  studied  exten¬ 
sively  in  the  past.  However,  it  is  still  not  possi¬ 
ble  to  describe  and  verify  the  microscopic 
phenomena  leading  to  shock-initiated  detona¬ 
tion.  Shock  propagation  in  condensed-phase 
materials  is  expected  to  induce  the  transfer  and 
localization  of  energy  leading  to  chemical 
transformations  on  an  extremely  short  time 
scale.  Our  intent  in  this  work  is  to  clarify  those 
early  chemical  transformations  that  are  impor¬ 
tant  in  the  energy  release  ^"eompanying  shock- 
initiated  detonation  of  nitric  oxide.  In  large 
measure,  the  problem  of  developing  a 
microscopic  understanding  of  shock-initiated 
detonation  results  from  the  difficulty  in  detect¬ 
ing  transient  chemical  intermediates  within  the 
shock  front.  While  there  has  been  considerable 
effort  and  success  in  developing  time- resolved 


optical  probes  of  chemical  species  behind  shock 
fronts  (1-4),  these  methods  have  not  yet  been 
successfully  applied  to  real  explosives.  The  ex¬ 
perimental  difficulties  are  compounded  by  the 
absence  of  information  on  what  intermediates 
are  likely  to  be  important  and  the  paucity  of 
data  on  the  behavior  of  such  transients  under 
extreme  pressure  and  temperature.  We  report 
here  static  high  pressure  studies  which  provide 
direct  insight  into  the  early  chemical  transfor¬ 
mations  associated  with  detonation  of  nitric 
oxide. 

Nitric  oxide,  although  stable  in  the  gas  phase, 
is  a  high  explosive  in  the  condensed  phase  with 
an  enthalpy  (5)  of  0.72  kcal/g  relative  to  02  and 
N2  at  298  K.  It  is  one  of  the  simplest  known 
high  explosives  and  is,  therefore,  an  attractive 
model  explosive  for  detailed  theoretical  and 
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experimental  studies.  The  molecular  form  of  NO 
and  the  expected  detonation  products,  N2  and 
02,  are  tractable  to  both  ab  initio  electronic 
structure  calculation  and  hydrodynamic  model¬ 
ing.  In  order  to  study  nitric  oxide  detonation,  a 
multi-disciplinary  study  entitled  the  Fundamen¬ 
tal  Research  on  Explosives  (FRE)  program  has 
been  established  at  Los  Alamos  National  Labor¬ 
atory.  Our  part  in  this  program  has  been  to  pro¬ 
vide  a  data  base  to  guide  theory,  planning,  and 
interpretation  of  time-resolved  spectroscopic 
studies  of  shock-initiated  detonation  of  NO  by 
means  of  static  high  pressure  studies  of  the 
various  oxides  of  nitrogen.  The  focus  of  this 
report  is  the  chemistry  of  NO  and  its  reaction 
products  under  high  pressure  conditions. 

Previous  studies  (6)  on  gas-phase  nitric  oxide 
have  shown  evidence  for  slow  disproportiona¬ 
tion,  which  is  third  order  in  [NO].  Other  in¬ 
vestigators  (7,8)  have  also  noted  problems  in  ob¬ 
taining  thermodynamic  information  on  pure  NO 
at  high  pressure.  We  will  show  that  NO  under¬ 
goes  facile  and  complex  pressure-induced 
chemistry  at  low  temperature.  The  dispropor¬ 
tionation  of  nitric  oxide  at  176  K  and  1.5  GPa 
to  form  N20,  N204,  and  N203  has  already  been 
reported  (9).  The  unusual  behavior  of  pure  N204 
at  elevated  pressures,  including  formation  of 
NO  *  N03,  has  also  been  reported  (10).  This 
autoionization  of  N204  has  been  implicated  (11) 
in  the  solution  chemistry  of  N204  and  observed 
for  the  nitrite  isomer  in  low  temperature  N204 
films  as  well  (12,13).  In  this  work,  we  report  new 
observations  of  pressure-induced  chemistry  of 
crystalline  NO  to  form  N2,  and  02  as  well  as  the 
above  disproportionation  products  at  80  K  as 
well  as  identification  of  the  products  resulting 
from  laboratory  scale  samples  of  solid  NO 
shocked  at  15  K. 

EXPERIMENTAL 

A.  High  Pressure  Spectroscopic  Studies: 

Merrill-Bassett  diamond-anvil  cells  with  either 
hardened  beryllium  or  beryllium-copper  backings 
and  type  I  la  diamonds  were  loaded  with  the 
indium-dam  technique  previously  described  (9). 
Two  different  types  of  experiments  have  been 
performed.  First,  high-purity  nitric  oxide  was 
condensed  into  the  diamond-anvil  cells  at  1 15  K 
(which  is  within  the  liquid  range  of  N202), 
pressurized  to  form  a  clear  solid,  and  then 
warmed  to  room  temperature  at  high  pressure. 


The  contents  of  the  cells  were  then  interrogated 
using  vibrational  (IR  and  Raman)  and  UV-visible 
absorption  spectroscopies.  In  the  second  type  of 
experiment,  the  NO  was  loaded  into  a  cell 
mourned  to  the  cold  finger  of  an  Air  Products 
Displex  cryostat  equipped  with  a  tailpiece  that 
allowed  access  to  adjust  pressure.  This  permit¬ 
ted  the  measurement  of  the  pressure  dependence 
of  the  Raman  features  at  80  K.  The  low 
temperature  studies  were  performed  using  two 
different  approaches;  in  procedure  I,  liquid  N202 
was  first  frozen  to  form  a  single  crystal,  lowered 
to  80K,  and  then  pressurized;  in  procedure  II  the 
liquid  was  pressurized  at  115  K.  The  results  ob¬ 
tained  for  these  two  procedures  are  distinctly  dif¬ 
ferent  as  will  he  discussed  below. 

Raman  spectra  were  obtained  on  a  SPEX 
Model  1403  double  monochromator  by  use  of  a 
back-scattering  technique.  The  resolution  was  3 
cm-1  and,  typically,  ten  or  more  spectra  were 
signal-averaged  using  a  Nicolet  1180E  Raman 
data  system.  Spectra-Physics  Model  171  Ar+ 
and  Kr+  ion  lasers  were  employed  with  incident 
power  of  30  mW  or  less  at  the  sample.  Infrared 
spectra  were  obtained  with  a  Nicolet  7000-series 
Fourier-transform  spectrometer  using  a  liquid 
nitrogen  cooled  mercury-cadmium-telluride 
detector.  Typically,  8000  scans  with  a  2  cm-1 
resolution  were  signal  averaged.  Absorption  of 
the  diamonds  obscured  the  IR  spectra  over  the 
approximate  ranges  1300-1350  and  1800-2500 
cm-1.  Visible  absorption  spectra  were  obtained 
with  a  Perkin  Elmer  330  spectrometer  equipped 
with  a  beam  condenser  and  the  Model  2600  data 
station.  Pressures  were  measured  by  the  ruby 
flourescence  method,  assuming  the  Rj  line  shift 
to  be  0.1322  G  Pa/cm-1.  The  known  temperature 
shift  of  the  Rt  ruby  flourescence  was  used  to 
correct  the  R,  line  shift  for  the  low  temperature 
studies. 

B.  Laboratory  Scale  Studies  of  Shocked  NO: 

The  experiments  were  carried  out  in  an 
evacuable  firing  chamber  containing  a 
detonating  device  mounted  behind  a  thin  foil. 
Solid  NO  was  deposited  from  a  stream  of 
gaseous  NO  directed  to  the  surface  of  the  foil, 
which  was  maintained  at  15  K  by  a  Air  Products 
Displex  cryostat.  The  detonating  device  consists 
of  an  electrically  energized  device  that  propels 
a  1.3  mm  diameter  X  0.05  mm  long  cylinder 
piece  of  plastic  tlirough  a  ruby  barrel  at  a  veloci¬ 
ty  of  several  km/s  (a  slapper),  which  impacts  at 
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PETN 


Fig.  1.  Diagram  of  slapper  and  booster  used  in  PETN-driven  NO  reaction 


a  6  mg  pellet  of  pentaerithratol  tetranitrate 
(PETN)  that  is  glued  to  the  end  of  the  ruby  bar¬ 
rel  (Fig.  1).  Two  isotopic  compositions  of  NO 
were  used  to  dis-distinguish  N2  originating  from 
NO  from  either  the  PETN  booster  or  inadver¬ 
tent  air  leaks.  The  entire  assembly  was  housed 
in  a  bell  jar  connected  to  two  liquid  nitrogen 
traps  in  series  to  capture  the  expected  products, 
the  first  an  empty  common  stainless  steel  U- 
trap,  and  the  second  packed  with  activated  5X 
molecular  sieve.  The  products  N20,  N02,  N203, 
N204,  C02  (from  PETN),  and  unreacted  NO  aro 
found  in  the  first  trap  and  are  determined  by  gas- 
phase  IR  spectrophotometry.  The  N2  and  CO 
(from  PETN)  are  found  in  the  second  trap  and 
measured  by  mass  spectrometry. 

RESULTS 

A.  High  Pressure  Studies:  The  results  ob¬ 
tained  trom  studies  of  mtric  oxide  at  high 
pressure  in  diamond  anvil  cells  which  were 
warmed  to  room  temperature  have  been  describ¬ 
ed  elsewhere  (9)  and  will  be  summarized  here. 
Upon  warming,  the  sample  remains  clear  and  col¬ 
orless  until  ca.  170  K  where  the  reaction  begins. 
The  sample  first  turns  deep  red,  then  black,  and 
finally  becomes  transparent,  exlribiting  either  a 
straw-yellow  fractured  solid  or  a  mixed  straw- 
yellow  or  blue  solid. 

Detailed  IR,  Raman  and  UV-visible  spec¬ 
troscopic  studies  of  the  cell  contents  have  re¬ 
vealed  the  presence  of  varying  amounts  of  N20, 
N204,  N203  molecular  species  as  well  as  the  ions 
NO+,  N02+  and  N03  .  The  above  species  show 


complex  equilibria  as  a  function  of  pressure  and 
temperature.  At  low  pressure  in  the  fluid  phase 
[ca.  1.8  GPa)  only  molecular  species  are  observed 
while  the  ions  are  more  prevalent  at  higher 
pressures  in  the  solid  phase.  Both  molecular  and 
ionic  species  are  present  in  the  original  solid 
samples  upon  warming  to  room  temperature.  It 
is  stressed  that  no  N2  or  02  could  be  observed 
in  any  of  the  samples  which  had  been  allowed 
to  react  by  warming  to  room  temperature. 
Raman  spectral  analysis  of  the  cell  contents  was 
made  difficult  by  the  photolysis  of  N204  and 
N203  which  resulted  in  the  formation  of 
geometric  isomers  of  each  species,  as  well  as  the 
formation  of  NO^'NOj  and  N203  by  photolysis 
of  N204. 

B.  Pressure  Dependence  at  Low  Tempera¬ 
ture:  As  noted  above,  the  low  temperature  ex¬ 
periments  were  performed  using  two  different 
procedures.  For  procedure  I  the  cell  was  first  fill¬ 
ed  with  liquid  N202  and  the  temperature 
lowered  to  form  a  crystalline  solid.  The  pressure 
dependence  of  this  crystalline  material  was  then 
probed  as  is  discussed  below.  In  procedure  II  the 
liquid  N202  was  pressurized  directly  to  form  an 
intermediate  and  the  pressure  dependence  of  this 
intermediate  was  then  probed. 

Procedure  I:  Nitric  oxide  entrapped  in  a 
diamond-anvil  cell  and  maintained  at  80  K  was 
found  to  be  stable  at  pressures  below  ca.  2.5 
GPa.  The  zero  bar  vibrational  phonon  features 
at  38.7  and  53.2  cm"1  are  consistent  with  those 
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previously  reported  (14)  in  studies  of  solid  N202 
condensed  on  a  cold  surface.  The  internal  modes 
appear  at  93.4  cm-1  (v4,  torsion),  185.2  cm-1 
(v2,  N-N  stretch),  263.4  cm-1  (v3,  symmetric 
bend),  and  1865.1  cm-1  (Vj,  symmetric  N-0 
stretch).  Survey  scans  showed  no  evidence  of  any 
other  features  in  the  range  50-2450  cm-1. 

The  spectrum  in  Fig.  2  was  taken  after  a  2.43 
GPa  spectrum  of  normal  N202  was  recorded  and 
indicated  that  a  dramatic  transformation  had 
taken  place  with  the  NO  sample.  The  phonon 
region  changed  and  the  internal  modes  for  NO 
disappeared.  We  did  observe  very  weak  features 
indicating  the  presence  of  several  particular 
species.  They  include  NO+NO^"  by  108.6  cm-1 
(interionic),  722.7  cm-1  (v4,  N03  bend),  1063.7 
cm-1  (vv  symmetric  NOj  stretch),  and  2246.7 
cm-1  (NO+  stretch),  02  by  the  1565.8  and 
1572.9  cm-1  doublet,  N2  by  the  2339.3  cm-1  N- 
N  stretch,  N204  by  the  822.9  cm-1  (v2  scissor) 
and  286.7,  308.4  cm-1  doublet  (v3  N-N  stretch), 
and  N20  by  589.1  cm  (v,,  bend).  The  features  at 
2035.7  and  2206.9  cm-'  could  be  due  to  an  as 
yet  unknown  complex  of  the  NO+  ion  and  the 
band  at  1644.9  cm-1  could  be  the  associated  - 
N02  symmetric  stretch  for  such  a  species.  The 
band  at  500  cm' 1  remains  unexplained.  The 
pressure  increased  dramatically  for  this  sample 
from  2.3  to  4.1  GPa  after  this  transformation  oc¬ 
curred  and  the  intensity  of  the  N2  and  02  peaks 
indicate  that  a  substantial  amount  of  these  spe¬ 
cies  had  formed.  It  should  be  noted  that  this  is 
the  first  indication  of  either  02  or  N2  in  the  NO 
reaction  products  for  any  cell  that  we  observed 
that  had  been  loaded  by  the  previous  technique, 
which  always  involved  pressurizing  liquid  N202 
followed  by  fairly  rapid  warming  to  room  tem¬ 
perature  before  any  analysis  took  place. 

Following  this  transformation,  the  optical 
quality  of  the  cell  did  not  change  noticeably  as 
viewed  through  a  microscope,  although  the  cell 
contents  had  become  pale  yellow  with  increas¬ 
ing  pressure.  Not  until  the  cell  had  been  warmed 
to  200  K  and  the  pressurf  released  to  under  0.5 
GPa  did  a  noticeable  transformation  occur.  A 
clear  to  pale  yellow  solution  finally  resulted 
which,  when  cooled  to  180  K  produced  the  spec¬ 
trum  in  Fig.  3  Very  prominent  features  are  now 
evident  for  N204,  N20,  N2,  and  02,  with  no 
evidence  for  any  remaining  unreacted  nitric  ox¬ 
ide.  Also  present  in  this  spectrum  are  features 
due  to  N03  and  NO.|,  and  NO+,  although  they 


are  much  weaker  than  before. 

Procedure  II:  For  these  experiments  liquid 
N202  was  solidified  by  increasing  the  pressure  to 
ca  0.5  GPa  while  maintaining  the  temperature 
at  1 15K.  The  sample  was  then  cooled  to  100K  and 
the  pressure  dependence  followed  using  Raman 
scattering.  The  Raman  spectrum  of  this  material 
is  distinctly  different  than  that  obtained  for  the 
ciystalline  material  discussed  above.  In  particu¬ 
lar,  there  was  no  evidence  for  phonon  features 
which  could  be  attributed  to  crystalline  N202  and 
the  internal  mode  features  were  quite  broad.  In 
addition,  the  frequency  positions  of  the  internal 
modes  were  quite  different  than  that  observed  for 
N202  in  either  the  liquid  or  crystalline  phases. 
For  example,  in  the  N-0  stretch  region,  three 
bands  were  observed  at  1543,  1631,  and  1844 
cm-1.  While  the  identity  of  the  material  formed 
in  this  manner  is  not  well  understood,  it  is  clear 
that  it  represents  a  chemically  distinct  interme¬ 
diate.  On  the  basis  of  the  observed  frequencies, 
we  propose  that  this  intermediate  is  an  amor¬ 
phous  aggregate  of  nitric  oxide,  (N202)x.  The  fre¬ 
quencies  of  the  internal  modes  are  consistent  with 
a  cyclical  trimer  or  dimer  with  functional  units 
much  like  that  of  N203. 

The  intermediate  was  found  to  be  stable  to  3.5 
GPa  at  100  K.  Increasing  the  temperature  while 
maintaining  the  pressure  at  ca.  3.5  GPa  led  to 
reaction  at  190-200  K.  The  sample  first  turned 
red  and  then,  upon  warming  to  room  tempera¬ 
ture,  straw  yellow  or  blue.  The  behavior  of 
samples  formed  in  this  manner  was  essentially 
identical  to  that  observed  by  loading  the  DAC 
and  warnung  to  room  temperature  after  first  in¬ 
creasing  the  pressure  (Results  section  A).  Raman 
spectra  of  the  reaction  products  showed  evidence 
for  N20,  N203,  N204,  NO+,  and  N03;  in  con¬ 
trast  to  the  results  obtained  for  crystalline 
samples,  there  was  no  evidence  for  N2  or  02. 

C.  Laboratory  Scale  Studies  of  Shocked  NO: 

Initially,  it  was  thought  that  a  slapper  alone 
would  detonate  solid  NO  and  several  attempts 
were  made  to  achieve  this.  However,  less  than 
1%  decomposition  of  the  deposited  NO  (ca,  100 
mg),  was  observed,  and  indeed,  under  the  same 
conditions  the  slapper  could  not  even  detonate 
a  6  mg  pellet  of  PETN.  With  the  pellet  of  PETN 
glued  directly  to  the  slapper,  however,  the  PETN 
did  detonate  and  the  solid  NO  deposited  on  the 
opposite  side  of  the  foil  that  covered  the 
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Fig.  2.  Raman  spectrum  of  solid  NO  reaction  product  at  80  K  and  4.15  GPa 
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Fig  3.  Raman  spectrum  of  NO  reaction  products  at  ISO  K  after  annealing  at  220  K  and  lowering 
pressure  to  0.32  GPa 
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PETN  decomposed  into  a  variety  of  products. 
Five  experiments  have  been  done  in  this  con¬ 
figuration.  Molecular  nitrogen  is  the  only  ex¬ 
pected  detonation  product  common  to  both 
PETN  and  solid  NO.  However,  both  the  small 
amount  of  N2  that  results  from  the  PETN  (0.04 
mmol)  as  well  as  the  fact  that  15NO  was  used 
to  label  the  nitrogen  source,  allowed  unam¬ 
biguous  determination  of  the  nitrogen  yield  from 
the  nitric  oxide. 

The  products  collected  from  the  PETN-driven 
nitric  oxide  reaction  were  N20,  N2,  N02,  N203, 
N204  and  unreac*°d  NO.  Presumably  any  02, 
which  is  formed  uue  to  the  NO  decomposition, 
would  subsequently  react  with  NO  in  the  gas 
phasp  to  form  additional  N02.  Thus,  oxygen 
may  or  may  not  have  formed  originally  from  the 
shock-induced  reaction.  In  addition,  the  various 
gas-phase  equilibria  involving  N02,  as  well  as  its 
substantial  loss  by  reaction  with  CO,  metal  sur¬ 
faces,  O-rings,  etc.,  complicate  the  determination 
of  the  N02  in  the  original  products.  The  product 
yields  measured  from  five  separate  experiments 
are  presented  in  Table  1.  In  all  cases  a  substan¬ 
tial  portion  (29-53%)  of  the  nitric  oxide  reacted 
and,  of  that  amount,  most  ended  up  as  N20  with 
a  smaller  amount  ending  up  as  N2+N02.  The 
N2  result  was  corrected  for  the  N2  produced  by 
PETN,  which  was  determined  by  means  of 
isotopically  labeled  NO. 

All  the  experiments  in  Table  1  except  Experi¬ 
ment  3  were  done  with  the  bell  jar  evacuated.  Ex¬ 
periment  3  was  done  with  1  torr  of  He  in  the 
chamber  to  prevent  reshock  of  the  products  at 
the  wall.  Reshock  may  have  caused  the  product 
N20  and  N02  to  further  react,  thereby  produc¬ 
ing  N2.  The  amount  of  N2  produced  was  indeed 
the  smallest  of  all  the  experiments,  suggesting 
that  some  of  the  N2  observed  in  the  other  ex¬ 
periments  was  produced  by  reshock  at  the  walls 
of  the  apparatus. 

DISCUSSION 

Prior  to  our  work  on  the  chemistry  of  nitric 
oxide  under  static  high  pressure  conditions,  it 
was  suspected  that  shock-initiated  detonation  of 
N202  proceeds  through  a  single  chemical  reac¬ 
tion  to  produce  N2  and  02.  We  have  shown,  on 
the  other  hand,  that  the  reaction  chemistry 
under  both  static  high  pressure  and  shock  con¬ 
ditions  is  much  more  complex  involving,  most 
likely,  several  distinct  mechanisms  and  at  least 
one  chemical  intermediate.  The  static  high 


pressure  studies  demonstrate  that  nitric  oxide 
reacts  rapidly  under  even  modest  pressure  and 
temperature  conditions  to  produce  a  multitude 
of  molecular  and  ionic  species.  The  fact  that  this 
pressure-induced  chemistry  is  quite  facile  and 
releases  significant  amounts  of  energy  strongly 
suggests  that  similar  reactions  dominate  the 
chemistry  of  shock-initiated  detonation  of  nitric 
oxide. 

The  chemistry  of  samples  warmed  rapidly  to 
room  temperature  or  pressurized  to  ecu  3.5  GPa 
at  100  K  and  then  warmed  to  room  temperature 
can  be  explained  to  arise  from  the  initial  forma¬ 
tion  of  an  intermediate,  (N202)x.  The  final  prod¬ 
ucts  can  be  attributed  to  three  possible  reactions 

(N202)x  -n2o  +  N203  (1) 

(N202)x  “*2N20  +  N204  (2) 

(N202)x  -*2N20  +  N0+N03-  (3) 

The  chemistry  of  crystalline  NO  samples  as  well 
as  the  PETN  driven  NO  decomposition  show 
evidence  for  another  reaction  pathway, 

N202(crystalline)  — N2  +  02  (4) 

The  presence  of  N203  in  the  reaction  products 
could  arise  from  its  direct  production  via  equa¬ 
tion  (1)  or  from  reaction  of  N204  with  excess 
NO.  Equations  (2)  and  (3)  differ  only  in  that  (2) 
involves  a  molecular  reaction  mechanism  while 
(3)  involves  the  direct  production  of  ionic  species. 
The  ions  NO+,  and  N03  could  result  from  their 
direct  production  via  equation  (3)  or  through  the 
autoionization  of  N204  at  high  pressures.  We 
have  previously  shown  (10)  that  molecular  N204 
does  autoionize  at  elevated  pressures.  However, 
on  the  basis  of  the  ubiquitous  presence  of  ions 
in  all  of  the  samples  reacted  under  high  static 
pressures  and  the  observation  of  deep  red  color 
(indicative  of  NO+  in  N202)  in  the  initial  reac¬ 
tion,  we  presently  favor  the  ionic  mechanism 
(Eq.  3). 

The  pressure-induced  chemistry  observed  for 
crystalline  nitric  oxide  at  low  temperatures  fur¬ 
ther  complicates  the  situation.  Whereas  N2  or 
02  could  never  by  detected  for  samples  warmed 
to  room  temperature  following  pressurization  of 
liquid  NO,  the  pressure-induced  reaction  of 
crystalline  NO  at  low  temperature  produces 
significant  and  equal  amounts  of  N2  and  02. 
Despite  the  rather  weak  relative  intensities  of 
the  02  and  N2  features  in  the  Raman  spectra 
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TABLE  1 

Products  from  solid  NO  shocked  with  6  mg  of  PETN 


Experiment  Number 

1 

2 

3 

4 

5 

NO  gas  used,8  mmol 

NO  accounted  for,b  mmol 

NO  unreacted,  mmol  (%) 

N20  found,  mmol 

N2  found,  mmol 

3.4 

3.3 

2.3  (70) 

0.33 

c 

4.6 

3.4 

1.6  (47) 

0.43 

0.13 

6.3 

4.2 

3.0  (71) 

0.37 

0.03 

10.0 

7.5 

4.8  (64) 

0.60 

0.23 

11.2 

8.8 

4.4  (50) 

1.17 

0.23 

aSome  NO  excapes  while  forming  the  solid. 

^Assuming  the  overall  reaction  stoichiometries, 

3  N0-N20  +  N02  (i) 

4  NO-*N2  +  2  N02  (ii) 

to  account  for  the  N20  and  N2  observed.  The  small  amount  of  NO  tied  up  as  N203  is  ignored. 
cN2  not  measured  and  not  accounted  for  in  collected  material. 


(Figs.  2  and  3)  these  species  are  in  significant 
concentration  as  their  Raman  cross  sections  are 
known  to  be  substantially  less  that  that  of  the 
other  species  present.  While  it  has  not  been 
possible  to  quantify  the  amounts  of  N2  and  02 
production  relative  to  the  production  of 
disproportionation  products  (dominantly  NO+ 
N03 )  it  is  clear  that  N2  and  02  are  produced 
in  neaiy  equal  concentrations.  The  PETN- 
driven  NO  decomposition  suggests  that  the 
predominant  reaction  of  shocked  NO  is  (3)  with 
reaction  (4)  present  as  a  minor  pathway.  This 
is  certainly  consistent  with  the  results  of  static 
high-pressure  measurements  upon  rapid  warm¬ 
ing.  The  implication  of  the  low-temperature 
high-pressure  work  (i.e.,  the  importance  of  reac¬ 
tion  (4))  is  not  yet  completely  clear,  but  the 
PETN-driven  NO  reaction  does  show  evidence 
for  reaction  (4)  as  well. 

The  overall  reactions  depicted  above  do  not 
necessarily  represent  the  primary  reactions,  and 
one  could  imagine  many  different  possible 
schemes.  One  possibility,  which  we  believe  can 
be  eliminated,  is  that  the  primary  reaction  in¬ 
volves  direct  production  of  N2  and  02.  The 
ubiquitous  formation  of  disproportionation 
products  (N20,  N204,  NO+NOj)  would  then 
resuit  from  subsequent  reactions  of  N2.  02  and 


excess  NO.  The  formation  of  N204  and 
NO+NOj  is  easily  explained  to  arrj  from 

°2  +  N202  N204  ^  NO+NO3  (5) 

However,  the  formation  of  N20  is  more  difficult 
to  explain.  While  gas  phase  radical  reactions  are 
known  to  result  in  the  formation  of  N20,  these 
are  unlikely  to  occur  under  low-temperature 
high-density  conditions.  In  addition,  several 
observations  mitigate  against  this  single 
primary  reaction  mechanism.  First,  the  nearly 
equal  concentration  of  N2  and  02  in  the  low 
temperature  crystal  experiment  is  difficult  to 
rationalize  because  the  facile  reaction  of  02  and 
excess  N202  would  be  expected  to  deplete  the 
02  concentration  to  a  much  greater  extent  than 
that  of  N2.  Furthermore,  no  N2  or  02  could  be 
detected  in  the  samples  warmed  to  loom 
temperature:  it  is  extremely  unlikely  that  all  of 
the  N2  could  be  converted  to  N20  under  these 
modest  high  density  conditions.  Finally,  the 
observation  that  the  thermodynamically  more 
stable  products,  N2/02,  are  formed  under  iow 
temperature  conditions  and  not  formed  under 
higher  temperature  conditions  is  counter¬ 
intuitive.  If  a  single  primary  reaction  to  produce 
N2  and  02  is  operative,  one  should  certainly 
observe  these  species  in  cells  which  were  al¬ 
lowed  to  warm  to  room  temperature. 
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At  present,  the  results  presented  here  are  best 
explained  in  terms  of  two.  and  possibly  more, 
primary  reaction  me<'';Ani.',.ns.  In  effect,  one 
mechanism  leads  to  the  production  of  N2  and  02 
while  the  other  proceeds  to  form  the  dispropor¬ 
tionation  products. 

N202  (liq)  (intermediate)  -*■  2N20+N0+ 
NOJ  (6) 

N202  (crystalline)  N2  +  02  (7) 

The  branching  between  these  two  primary 
reaction  paths  is  then  quite  sensitive  to  the  in¬ 
itial  form  of  the  nitric  oxide  and,  therefore,  the 
temperature  and  pressure  conditions  employed. 
It  is  likely  that  the  relative  rates  of  these  two 
global  reactions  diverge  significantly  depending 
on  whether  solid  or  liquid  NO  is  shocked  and 
the  temperature  and  pressure  profiles  cor¬ 
responding  to  the  shock  conditions  employed. 
Additional  work  is  needed  to  fully  understand 
the  complex  reaction  chemistry  of  nitric  oxide 
under  high  density  conditions,  and  work  is 
underway  to  follow  the  static  high  pressure 
chemistry  by  careful  control  of  both  tem¬ 
perature  and  pressure. 

Implication  Regarding  Shock-Initiated  Detona¬ 
tion  of  Nitric  Oxide:  While  a  detailed  chemical 
mechanism  is  not  yet  available  for  the  pressure- 
induced  chemistry  of  nitric  oxide,  several  con¬ 
clusions  can,  nonetheless,  be  inferred.  First, 
condensed  phase  concerted  reactions  appear  to 
dominate  the  chemistry  of  nitric  oxide  under 
static  and  dynamic  high  density  conditions.  By 
analogy,  gas  phase  radical  type  mechanisms 
known  from  studies  of  gaseous  NO  at  low  den- 
sit>  are  not  important  in  the  early  chemistry  of 
shock  initiation  of  nitric  oxide.  Second,  the  pres¬ 
ent  results  strongly  suggest  that  dispropor¬ 
tionation  to  form  N20  and  NO  ‘  NO  , 
dominates  the  early  chemistry  under  shock  con¬ 
ditions  This  reaction  would  account  for  2/3  of 
the  total  enthalpy  content  of  nitric  oxide  and 
the  accompanying  energy  release  could,  in  turn, 
drive  subsequent  reactions  to  form  N2  and  ()•_,. 
The  ubiquitous  presence  of  ions  such  as  NO  * 
and  NO,  at  high  densities  points  to  tiie  impor¬ 
tance  of  ions  and  ionic  reaction  mechanisms  in 
shock-initiated  detonation.  The  thermodynamic 
driving  force  for  the  formation  of  ions  at  high 
density  presumably  derives  from  the  strong 
inter-ionic  interactions  and  the  attendant 


volume  reduction  relative  to  molecular  species. 

Finally,  given  the  strong  dependence  of  the 
static  high  pressure  chemistry  of  nitric  oxide  on 
the  phase  of  the  material  studied,  it  is  likely  that 
shock  initiated  detonation  of  NO  also  exhibits 
phase  dependence. 
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DISCUSSION 

JAMES  P.  RITCHIE,  Los  Alamos 
National  Laboratory 

At  your  lowest  temperatures  N2,  02  and  NO-f 
were  observed;  as  temperature  is  raised,  other 
reaction  products  are  observed.  Isn’t  it  probable 
then,  that  N2  and  02  are  your  fastest  formal 


products  and  that  subsequent  reactions  of  these 
species  at  higher  temperatures  leads  to  the 
other  reaction  products. 


REPLY  BY  BASIL  SWANSON 

As  noted  in  the  manuscript,  the  two  different 
reaction  paths  result  naturally  from  the 
substantial  differences  in  the  initial  phase  of  the 
nitric  oxide  studied.  That  is,  pressure-induced 
reactions  of  crystalline  NO  results  in  the 
formation  of  N2  and  02  while  that  of  liquid  NO 
results  first  in  the  formation  of  and 
intermediate  and  the  subsequent  formation  of 
the  disproportionation  products  N20,  N204, 
N203,  NO+,  and  NO^\  The  formation  of 
disproportionation  products  cannot  be 
explained  to  arise  from  the  reaction  of  N2  and 
02  with  excess  nitric  oxide  as  the  temperature 
increases.  While  it  is  easy  to  explain  the 
formation  of  N204  and  the  ions  by  reaction  of 
02  and  excess  NO.  the  formation  of  N20  and 
the  disappearance  of  N2  cannot  be  explained. 
Also,  the  absence  of  any  N2  and  02  in  the 
products  of  the  pressure  induced  chemistry  of 
liquid  NO  mitigates  against  this  explanation. 


SUB-IGNITION  REACTIONS  AT  MOLECULAR  LEVELS  IN  EXPLOSIVES 
SUBJECTED  TO  IMPACT  AND  UNDERWATER  SHOCK 
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To  determine  the  scarce  reaction  products  of  explosives  in  the  sub¬ 
ignition  regime,  a  combination  of  sensitive  analytical  techniques, 
such  as  X-ray  Photoelectron  Spectroscopy  (XPS),  Thin  Layer  Chro¬ 
matography  (TLC),  and  Chemical  Ionization  Mass  Spectrometry 
(CIMS)  has  been  applied.  RDX,  TNT,  AP,  and  TATB  have  been  sub¬ 
jected  to  drop-weight  impact  or  to  an  underwater  shock  at  a  level 
very  close  to  ignition  and  the  solid  residues  have  been  investigated. 
Impacted  RDX  showed  transformation  into  nitroso  compounds  as 
well  as  compounds  having  the  functionality  of  melamine.  The  im¬ 
pacted  trinitroso  derivative  of  RDX  showed  loss  of  nitroso  groups, 
together  with  the  formation  of  further  reduced  nitrogen  products. 
Impacted  TNT  yielded  anthranil,  nitrile,  and  aldehyde-oxime  as 
decomposition  products.  Similarly,  TATB  evidenced  furoxan  and 
furazan  products.  All  of  these  reaction  products  are  similar  to  those 
of  thermal  decomposition.  In  the  case  of  TATB  and  TNT,  creation 
of  water  molecule  during  the  formation  of  furazan  and  anthranil 
indicates  an  important  exothermic  step.  The  present  work  shows  that 
" hot  spot”  formation  involves  thermally  decomposed  intermediate 
products,  some  of  which  may  be  less  stable  than  the  original 
explosives. 


INTRODUCTION 

Explosives,  when  subjected  to  mechanical 
forces,  have  the  characteristic  that  in  the  sub¬ 
ignition  regime,  very  little  reaction  occurs  prior 
to  the  onset  of  the  catastrophic  processes.  Based 
on  earlier  work  (1,  2),  it  is  estimated  that  even 
when  the  explosive  is  on  the  verge  ot  .'iolent  re¬ 
action  only  10  Ho  10  J%  of  the  molecules  show 
any  evidence  of  alteration.  This  explains  why 
very  little  is  known  about  the  molecular  changes 
that  take  place  in  the  sub-ignition  regime,  and 
only  fragmentary  information  is  available  about 
the  molecular  processes  that  cause  the  explo¬ 
sives  to  react.  Of  course,  free  radicals  (3)  play 
very  important  roles,  and  their  creation  could 
be  the  rate  determining  otep.  1  lowever,  concrete 
step-by-step  understanding  of  the  ignition  process 
is  lacking.  The  idea  of  "hoi  spots"  is  invoked 
in  order  to  explain  inadvertent  explosions  and 


sensitization  of  explosives  by  rough  handling. 
However,  the  chemical  and  physical  nature  of 
"hot  spots”  is  a  mystery.  Study  of  "hot  spots” 
can  provide  valuable  information  which  can 
elucidate  the  ignition  mechanism.  It  is  also 
necessary  to  identify  the  early  stage  endother¬ 
mic  and  exothermic  reactions  caused  by  various 
stimuli,  such  as  impact,  shock,  heat,  and  irradia¬ 
tions.  A  number  of  studies  on  slow  decomposi¬ 
tion  have  been  reported  (4,  5,  6)  which  have 
brought  a  measure  of  understanding  but  the 
exact  relationship  between  slow  thermal  decom¬ 
position  and  fast  reactions  is  not  well-es¬ 
tablished.  Information  on  slow  decomposition 
should  be  pertinent  to  the  case  of  ignition,  but 
the  extent  of  this  generalization  has  not  been 
established.  Also,  there  is  the  question  whether 
the  different  ways  in  which  ^he  explosives  car. 
be  ignited  have  the  same  basic  mechanism  or 
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different  ones  in  different  cases.  This  question 
has  become  more  important  because  of  the 
possibility  of  igniting  explosives  using  electron, 
particle,  and  x-ray  beams.  Since  explosives  have 
indefinite  shelf  life  and  need  an  activation  energy, 
the  igrition  process  has  to  start  in  all  cases  with 
endothermic  steps.  For  the  development  of  the 
self-sustaining  stage,  however,  exothermic  reac¬ 
tions  have  to  take  over.  The  identification  of 
these  steps  has  been  a  challenging  problem,  and 
it  is  being  addressed  in  this  paper. 

In  order  to  determine  the  scarce  reaction 
products  generated  in  the  pre-ignition  regime, 
we  have  used  a  combination  of  sensitive 
analytical  techniques,  such  as  x-ray  photoelec¬ 
tron  spectroscopy,  thin  layer  chromatography, 
and  chemical  ionization  mass  spectrometry. 
Common  explosives  like  RDX,  TNT  and  FATB, 
and  the  inorganic  oxidizer,  ammonium  per¬ 
chlorate  ( A  P).  have  been  taken  to  the  threshold 
of  ignition  by  impact  or  shock  and  then  in¬ 
vestigated  for  reaction  products.  In  this  effort, 
XPS  has  been  found  to  be  especially  useful. 
Firstly,  the  chemical  shift  exhibited  by  the  XPS 
spectra  helps  to  detect  and  identify  the  reaction 
products  on  the  sample  in  situ.  Secondly,  being 
a  surface  sensitive  technique,  XPS  can  magnify 
the  changes  taking  place  in  the  “hot  spots”. 
When  explosives  are  exposed  to  impact  or 
shock,  the  points  on  the  surface  of  the  particles 
where  one  particle  is  in  touch  with  the  other  can 
become  the  nuclei  of  the  "hot  spots"  due  to  con¬ 
centration  of  mechanical  forces.  Therefore,  in 
the  XPS  analysis,  which  probes  only  a  few 
molecular  layers,  the  ratio  of  the  affected  and 
non-affected  molecules  increases  and  becomes 
more  favorable  for  detection.  For  example,  ac¬ 
cording  to  Hoffsommer,  Glover,  and  Elban,  (7) 
impacted  RDX  showed  a  maximum  production 
of  about  600x10  ',0'c  of  trinitroso  derivative  by 
weight  as  a  reaction  product,  but  XPS  spectra 
of  the  same  samples  showed  as  high  as  1 0%  con¬ 
centration  of  the  nitroso  derivative.  In  the  XPS 
studies,  if  the  impacted  samples  are  ground  up 
in  a  mortar  and  scrambled,  then  the  apparent 
magnifying  effect  is  lost.  Thus,  on  account  of 
its  high  surface  sensitivity,  XPS  facilitates 
detection  and  identification  of  the  early  stage 
reaction  products  in  the  sub-ignition  regime, 
which  could  not  be  done  previously. 

The  XPS  spectra,  through  changes  of  elec¬ 
tronic  levels,  display  the  oxidation  states  of  the 


atoms  in  the  molecules  and  thereby  can  follow 
alterations.  The  results  are  interpreted  from 
consideration  of  the  oxidation  states  and  by 
matching  spectra  of  known  molecules.  However, 
XPS  spectra  do  not  provide  unique  identifica¬ 
tion  of  the  products  like  giving  mass  numbers. 
In  this  respect,  simultaneous  study  with  chem¬ 
ical  ionization  mass  spectrometry  is  a  great 
advantage,  because  it  unequivocally  identifies 
the  product  molecules  and,  of  course,  is  a  very 
sensitive  analytical  technique.  TLC  has  provided 
guidance  on  the  number  of  products  encoun¬ 
tered.  In  the  present  work,  we  have  found  that 
the  combination  of  the  analytical  techniques 
applied  is  far  more  effective  for  the  study  of  the 
pre-ignition  reactions  than  any  single  method. 
Therefore,  depending  upon  the  situation,  we 
have  used  XPS,  TLC,  gas  and  liquid  chroma¬ 
tography,  and  chemical  ionization  mass  spec¬ 
trometry  to  detect  and  identify  the  products  of 
interest.  However,  it  is  possible  that  some  reac¬ 
tion  products  are  escaping  our  notice  by  being 
insoluble  or  volatile. 

EXPERIMENTAL 

In  order  to  study  the  effect  of  impact  on  the 
explosives,  either  powder  (10  to  40  mg)  or  pellet 
(30  mg:  1  mm  thick,  5  mm  diameter)  samples 
were  used.  The  sample  was  placed  between  two 
layers  of  heat  sensitive  viewgraph  films  as 
described  by  Coffey  and  Jacobs  (8)  such  that  the 
active  surfaces  of  the  film  were  in  contact  with 
the  powder.  The  sandwich  of  films  and  explosive 
was  placed  on  the  anvil  oi  a  drop-weight  impact 
machine,  und  a  10  kg  weight  was  dropped  from 
a  predetermined  height.  The  effective  drop  height 
could  be  adjusted  up  to  four  meters.  The  dura¬ 
tion  of  the  impact  was  300-350  ps,  and  the 
loading  was  closely  approximated  to  a  half- 
sinewave.  The  samples,  for  maximum  effect, 
were  impacted  very  close  to  the  level  of  ignition. 
The  impacted  sample  was  investigated  if  a 
residue  remained.  For  XPS  studies  1  mg  of  the 
sample  was  selected  and  examined.  For  TLC 
and  mass  spectrometric  studies,  the  whole  of 
the  sample  could  be  used. 

For  studying  the  pre-ignition  reactions  caused 
by  underwater  shock,  a  modified  NSWC  aquar¬ 
ium  test  (9)  was  developed.  Pressed,  30  mg 
samples  of  TA'l'B  were  mounted  in  Teflon  plugs 
to  achieve  good  impedance  matching  between 
the  sample  and  the  surrounding  medium.  In 


some  cases  silicone  grease  was  applied  to  the 
pellets  to  provide  good  contact  with  the  Teflon 
plugs  and  to  eliminate  air  pockets.  However, 
silicone  posed  contamination  problems  in  the 
XPS  analysis  and  its  use  was  discontinued. 
Four  plugs  of  Teflon,  containing  the  explosive 
samples,  were  mounted  in  thin-walled  tubes  of 
steel  and  placed  around  a  spherical  pentolite 
charge  as  shown  in  Fig.  1.  The  samples  were 
placed  at  different  distances  to  obtain  various 
pressures.  The  system  had  been  carefully  cali¬ 
brated  previously.  A  shock  wave  of  10-18  kbar 
pressure  and  a  few  microseconds  duration  was 
imparted  to  the  samples  by  detonating  the 
donor  charge.  The  Teflon  plugs  were  recovered 
from  the  water  after  detonation  and  carefully 
cut  open  to  obtain  the  TATB  samples. 
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Fig.  1.  Aquarium  arrangement  for  underwater 
shocking  explosives  using  a  donor  charge  sus¬ 
pended  at  the  center  (after  Liddiard) 

During  XPS  studies,  special  attention  was 
given  to  protecting  the  sample  from  undue  long 
exposures  in  the  XPS  instrument.  This  was 
done  to  avoid  decomposition  of  the  material 
caused  by  exposure  to  x-rays  of  the  XPS  instru¬ 
ment.  A  five  minute  exposure  was  considered 
proper,  because  it  gave  an  x-ray  dose  of  less 
than  10’’  rads  and  showed  no  effect  in  the  con¬ 
trol  experiments.  A  noisy  spectrum  was  accepted 
rather  than  to  adversely  affect  the  sample  in  the 
analysis  process.  In  the  present  work,  XPS 
studies  were  carried  out  with  a  Kratos  ES  300 
instrument  without  an  x-ray  monochromator. 
The  spectra  were  calibrated  with  the  4f7  2  line 
of  gold,  assumed  to  be  84.1  eV. 


A  Finnigan  4000  GC/MS  EI-CI  mass  spectro¬ 
meter  was  used  with  methane  plasma  in  the  chem¬ 
ical  ionization  mode  for  mass  spectrometric 
studies.  TLC  studies  were  carried  out  by  using 
Silica  Gel  HF254  plates. 

RESULTS 

For  all  of  the  impacted  samples,  it  was  found 
that  the  central  area,  where  maximum  pressure 
was  reached,  showed  little  or  minimum  reaction. 
Maximum  reaction  was  detected  in  the  peripheral 
region,  where  a  pattern  of  streaking  (discolor¬ 
ation)  occurred  on  the  heat  sensitive  film.  This 
is  understandable  because  the  streaked  area 
corresponds  to  the  region  of  intense  shear. 
According  to  Coffey  (10),  and  Hauser,  Field,  and 
Mohan  (11),  reaction  sites  are  generated  by  dis¬ 
location  movement  and  fracture  respectively 
and  would  be  most  favored  in  the  area  where 
the  flow  of  material  between  the  two  sheets  of 
film  is  a  maximum.  Since  the  streaking  and  flow 
does  not  take  place  uniformly  in  all  azimuthal 
directions,  samples  selected  at  various  sites 
yielded  different  degrees  of  decomposition. 

RDX 

Fig.  2  shows  the  nitrogen  Is  spectra  of  im¬ 
pacted  (14  cm  drop  height)  and  control  RDX  from 
which  three  conclusions  can  be  made.  The  nitro 
peak  at  406  eV  has  decreased  by  20%.  A  n-  w 
peak,  about  10%  of  the  amine  peak  has  developed 
at  402  eV.  Probably  two  peaks  in  the  399-397  eV 
region  have  developed  by  20%.  The  peak  at  402 
eV  corresponds  to  the  nitroso  nitrogen  (Fig.  4a) 
while  that  of  399-397  eV  is  assignable  to  some 
more  reduced  nitrogen  products.  Melamine  gave 
a  peak  in  this  region.  The  first  result  is  in  agree¬ 
ment  with  the  finding  of  Hoffsommer,  Glover, 
and  Elban  (7),  who  observed,  by  gas  chroma¬ 
tography  the  trinitroso  and  dinitroso  derivatives 
of  RDX  in  the  impacted  sample.  They  measured 
only  about  10x10  4%  of  dinitroso  and 
1.3-557xl0“5%  of  trinitroso,  whereas  XPS  shows 
as  high  as  10%  nitroso  conversion.  XPS  magni¬ 
fies  the  concentration  of  the  product  by  more 
than  three  orders  of  magnitude.  It  indicates  the 
global  concentration  of  the  nitroso  functional 
groups  and  does  not  discriminate  between  dini¬ 
troso  and  trinitroso  derivatives  as  separate 
molecules.  The  present  results  show  that  at  least 
10%  of  the  nitro  nitrogen  is  lost  and  some  of  it 
is  shifted  to  the  position  of  the  nitroso  groups. 
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Fig.  2.  XPS  spectra  of  N  Is  level  in  (a)  control 
and  (bl  impacted  RDX,  showing  decrease  of  the 
nitro  at  406  eV  accompanied  by  the  creation  of 
nitroso  at  402  eV  and  other  reduced  products  in 
399-397  e  V  range 

It  is  also  evident  that  the  decrease  of  the  nitro 
nitrogen  is  not  fully  compensated  by  the  in- 
C;ea  .e  of  the  nitroso.  Probably  some  of  the  nitro 
groups  are  converted  into  other  unknown  func¬ 
tional  groups.  Fig.  3  shows  the  spectrum  of  a 
mechanical  mixture  of  RDX  and  melamine.  The 
position  of  the  nitrogen  peak  in  the  melamine 
agrees  with  the  399-397  eV  product  from  RDX. 
This  implies  that  impact  produces  melamine- 
type  products  from  RDX  besides  converting 
some  of  the  nitro  groups  into  nitroso  groups. 
In  fact,  the  former  effect  is  more  pronounced 
than  the  loss  of  the  nitro  groups. 

In  order  to  further  understand  the  decomposi¬ 
tion  behavior  of  impacted  RDX,  a  sample  of  the 
trinitroso  derivative  of  RDX  was  impacted  from 
a  drop  height  of  125  cm  to  determine  what 
decomposition  occurs.  The  results  are  shown  in 
Fig.  <1  and  are  similar  to  those  of  RDX.  In  this 
case,  the  nitroso  groups  decrease  instead  of  the 
nitros,  while  the  formation  of  melamine-like 
products  is  even  more  pronounced. 

TNT 

I*  ig.  5  shows  the  effect  of  150  cm  impact  on 
TNT.  Additional  peaks  situated  5-7  eV  on  the 
lower  binding  energy  side  of  the  nitro  peuk  are 
evident.  The  concentration  of  the  products 


Fig.  3.  XPS  spectrum  of  N  Is  level  in  a  mechan¬ 
ical  mixture  of  RDX  and  melamine,  showing 
coincidence  of  melamine  peak  at  398  eV  with  the 
new  peaks  seen  in  impacted  RDX  in  the  399-397 
eV  region 


Fig.  4.  XPS  spectra  of  N  Is  level  in  fa)  control 
and  (b)  impacted  trinitroso  derivative  of  RDX, 
showing  decrease  in  the  nitroso  at  402  eV  and 
creation  of  other  reduced  products  in  the  399-397 
eV  region 


caused  by  impact  is  about  30%  of  the  parent 
molecule,  as  detected  by  XPS.  In  order  to  deter¬ 
mine  the  chemical  nature  of  these  products,  the 
spectrum  was  compared  with  those  of  known 
thermal  decomposition  products  of  TNT  (4,  5, 
1 2).  The  following  compounds  were  considered: 
4,6-dinitroanthranil;  2,4  6-trinitrobenzyl  alcohol; 
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Fig.  5.  XPS  spectra  of  N  Is  level  in  (a)  control 
and  lb)  impacted  TNT,  showing  creation  of  a 
new  peak  5-7  eV  away  from  the  nitro  peak 
towards  lower  binding  energy  side,  assigned  to 
anthranil  nitrile,  and  aldehydeoxime  formation 
(The  a3 ,  a.t  peaks  arise  from  the  spurious  non¬ 
diagram  line  excitation  from  the  x-ray  anode 
and  should  be  ignored .) 

2.4.6- trinitrobenzaldehyde;  2,4,6-trinitrobenzoic 
acid;  trinitrobenzene;  tetranitroazoxy toluene; 

2.4.6- trinitrobenzonitrile;  picric  acid;  5-nitroso- 
2-nitrotoluene;  3,5-dinitro-4-amino  toluene  and 

2.4.6- trinitrobenzaldehyde  oxime.  From  this  com¬ 
parison  the  peaks  can  be  interpreted  in  terms  of 
anthrani!,  nitrile,  and  aldehyde-oxime  of  TNT. 
Trinitrobenzaldehyde,  trinitrobenzoic  acid,  and 
trinitrobenzyl  alcohol,  did  not  show  separate  XPS 
peaks  other  than  that  of  the  nitro  group.  Only 
some  broadening  of  the  nitro  peaks  was  observed 
in  these  compounds.  Broadening  was  also  ob¬ 
served  in  the  impacted  samples  of  TNT.  Thus, 
there  is  possibility  that  these  compounds  were 
formed.  TLC  studies  evidenced  the  formation 
of  aldehyde,  nitrile,  and  oxime.  None  of  the 
nitroso  derivatives  of  TNT  were  observed.  The 
production  of  2,4,6-trinitrobenzonitrile  and 

2,4,6-trinitrobenzaldehyde  oxime  suggests  that 
intermoiecular  reactions  are  also  taking  place. 

AMMONIUM  PERCHLORATE 

The  results  of  impacting  AP  from  a  height  of 
150  cm  are  shown  in  Fig.  6.  Very'  large  decompo¬ 
sition  of  AP  is  observed,  so  that  the  area  of  the 


Fig.  6.  XPS  spectra  of  Cl  2pm  312  in  (a) 
control  and  (b)  impacted  ammonium  perchlorate, 
showing  CIO, 7,  ClO~,  and  Cl~  products  of 
lower  oxidation  state  than  the  perchlorate 
chlorine 

products  is  as  large  as  55%.  From  the  shifts  of 
the  Cl  2p  levels,  by  comparing  them  with  the 
spectra  of  different  halogen  oxyacids,  it  is  con¬ 
cluded  that  Cl 0,7,  CIO~,  and  Cl-  products  are 
produced.  In  other  words,  the  highly  oxidized 
CIO  7  gets  reduced.  No  evidence  of  C103~  was 
noticed,  however;  similar  products  are  yielded 
when  AP  is  heated  to  300-400 °C.  (13). 

Some  of  the  results  on  TATB  were  reported 
earlier  (14).  Fig.  7  shows  the  spectra  of  impacted 
and  control  TATB,  from  which  it  is  clear  that 
impact  causes  the  nitro  groups  to  be  drastical¬ 
ly  lost.  The  main  nitro  peak  and  its  shakep-up 
peak  (Fig.  7)  on  the  left  are  decreased  by  as 
much  as  30%.  Some  broadening  of  the  amine 
peak  at  401.5  eV  has  taken  place,  indicating 
that  a  new  functional  group  involving  nitrogen 
is  being  produced,  although  the  loss  of  the  nitro 
groups  is  not  fully  compensated.  As  discussed 
previously  (14),  tnis  corresponds  to  the  forma¬ 
tion  of  the  furazan  derivative  of  TATB  by  the 
loss  of  eighteen  units  of  mass.  Formation  of 
some  furoxan  at  403  eV  was  also  observed,  but 
this  is  not  clear  in  this  particular  figure.  In  the 
samples  which  were  over-driven  to  ignition  dur¬ 
ing  impact,  the  amout  of  furaza,*  and  furoxan 
production  decreased.  This  implies  that  these 
products  are  transients  and  not  final  products 
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Fig.  7  XPS  spectra  of  N  Is  level  of  (a)  control 
and  lb)  impacted  TA  TB,  showing  decrease  of  the 
nitro  peak  and  creation  of  a  new  peak  at  402  eV 
due  to  furazan  formation  ( The  nitro  peak  in 
TATB  shows  structure  due  to  shake-up 
satellite.) 


from  the  reaction.  Samples  of  TATB  subjected 
to  an  underwater  shock  showed  only  4-6%  loss 
of  the  nitro  groups.  The  XPS  spectrum  of  the 
acetone  extract  of  shocked  TATB  is  shown  in 
Fig.  8  and  gives  evidence  of  furazan  formation 
with  some  production  of  furoxan.  Tl.C  and 
Cl/mass  spectrometry  confirmed  the  production 
of  only  furoxan  in  samples  of  TATB  exposed  to 
underwater  shock.  In  summary,  the  impacted 
and  shocked  samples  of  TATB  showed  varying 
amounts  of  furazan  and  furoxan  derivatives  in 
different  experiments.  No  broadening  of  the 
amine  peak  on  the  low  energy  side  was  noticeable 
in  the  impacted  or  shocked  TATB,  although  it 
was  prominent  in  the  case  of  thermally  decom¬ 
posed  samples  (15). 

DISCUSSION 

The  results  on  RDX  tend  to  show  that  the 
mtroso  conversion  is  an  intermediate  step  and 
is  smaller  in  magnitude  than  the  more  reduced 
spectra  similar  to  melamine.  The  nitrogen  in  the 
new  products  is  in  a  more  reduced  state  than 
even  the  amine  nitrogen  of  RDX.  In  the  produc¬ 
tion  of  the  more  reduced  products,  the  nitro  as 


Fig.  8.  XPS  spectra  of  N  Is  level  of  shocked 
TATB  after  extracting  the  residue  with  acetone , 
showing  evidence  of  furoxan  and  furazan 
formation 


well  as  the  ring  nitrogen  are  involved  because 
even  in  a  case  u'hen  the  nitro  peak  has  not  de¬ 
creased,  the  products  containing  reduced  nitro¬ 
gen  appear.  From  the  present  work,  it  is  not 
possible  to  determine  the  nature  of  the  reduced 
products.  The  surprising  feature  is  that  the 
reduced  products  are  greater  in  concentration 
than  the  nitroso  derivatives.  The  formation  of 
nitroso  derivatives  suggests  that  impact  causes 
reactions  similar  to  those  occurring  in  thermal 
decomposition,  as  reported  by  Hoffsommer  and 
Glover  (16). 

Observation  of  anthranil,  benzaldehyde,  ni¬ 
trile,  and  oxime  products  in  the  impacted  sam¬ 
ples  of  TNT  indicates  an  essential  similarity  of 
the  fast  reactions  during  impact  to  those  of  ther¬ 
mal  decomposition  as  reported  by  earlier  workers 
(4.  5.  12,  16). 


TATB  provides  the  best  case  for  discussion. 
Monofuroxan  and  monofurazan  derivatives  are 
the  products  formed  during  impact  and  under¬ 
water  shock.  As  reported  earlier  (14),  four  prod¬ 
ucts  were  observed  in  TATB  exposed  to  an  elec¬ 
tron  beam  or  to  heat,  as  given  below: 
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The  mono  derivatives  alone  are  seen  in  the 
shocked  and  impacted  samples.  The  production 
of  monofurazan  provides  distinct  insight  in  to 
the  ignition  process.  Its  formation  by  the 
development  of  the  side  ring  destroys  the 
aromaticity  of  the  TATB  and  causes  a  decrease 
in  the  inter-  and  intra-molecular  hydrogen  bond¬ 
ing.  This  would  weaken  the  molecule.  The 
dehydration  of  TATB  by  the  creation  of  one 
molecule  of  water  yields  58  kcal/mole  of  energy, 
which  compares  well  with  the  activation  energy 
of  TATB  (60  kcal/mole).  Thus,  the  formation  of 
furazan  may  be  the  first  exothermic  step  needed 
by  the  molecule  for  ignition.  In  general  furazans 
are  thermally  not  very  stable  (1  /).  The  present 
result  would  support  the  suggestion  made  by 
Loughran,  Wewerka,  Rogers,  and  Berlin  (18) 
that  C2N20  breaks  off  from  the  monofurazan 
derivative  causing  full  disruption  of  the  TATB. 
The  present  results  also  agree  with  the  findings 
of  Britt.  Moniz,  Chingas,  Moore,  Heller,  and  Ko 
(19)  and  of  Taylor  and  Andrews  (20)  who  have 
detected  water  as  the  first  decomposition  prod¬ 
uct  during  the  thermal  decomposition  of  TATB. 
Thus  the  creation  of  the  monofurazan  product 
agrees  well  with  the  expected  pattern  for  the  ig¬ 
nition  process.  The  endothermic  processes 
modify  the  structure  of  the  molecule  so  that  a 
succeeding  violent  reaction  step  can  occur.  This 
argument  is  also  valid  for  TNT,  in  which 
anthranil  formation  was  observed.  Anthranil 
molecule  possesses  decreased  aromaticity  and  is 
produced  from  TNT  by  the  formation  and  loss 
of  water. 

The  spectra  of  impacted  A!’  also  show  that  the 
decomposition  is  very  much  like  thermal  decom¬ 
position  as  reporter!  by  Solymosi  (21)  and  by 
Sharma  and  Santiago  (13).  The  highly  oxidized 
chlorine  in  the  perchlorate  goes  into  less  oxidized 
states,  so  that  C120~,  CIO'  and  Cl~  are 
observed. 

The  present  work  shows  that  by  combining 
sensitive  analytical  techniques,  such  as  XPS, 
TLC,  C. I. /mass  spectrometry,  and  gas  chroma¬ 
tography,  it  is  possible  to  detect  and  identify 
chemical  changes  in  explosives  in  the  subigni¬ 
tion  region.  In  the  XPS  studies,  the  chemical 
shift  of  niti ,  gen  is  fundamental  to  such  an  in¬ 
vestigation.  The  present  work  opens  up  the 
possibility  of  examining  explosives  which  have 
been  exposed  to  critical  stimuli  such  as  inad¬ 
vertent  shocks  or  particle  beams,  in  order  to 


understand  sensitization  and  vulnerability. 

The  present  study  shows  that  (at  least  in  the 
cases  of  explosives  investigated)  the  pre-ignition 
reactions  during  impact  are  similar  to  those  for 
thermal  decomposition.  Both  inter-  and  intra¬ 
molecular  reactions  occur.  The  involvement  of 
the  C-H  and  N-H  bonds  in  the  early  part  of  the 
reaction,  as  observed  in  the  present  work,  is  also 
supported  by  the  results  on  kinetic  isotope  ef¬ 
fects  observed  by  Shackelford,  Beckman,  and 
Wilkes  (12),  Rogers,  Janney,  and  Ebinger  (22) 
and  by  Bulusu  and  Autera  (23).  The  present 
study  also  shows  that  the  “hot  spot”  formation 
involves  thermally  decomposed  intermediate 
products,  some  of  which  can  be  less  stable  than 
the  original  explosives. 
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DISCUSSION 

GEORGE  ANDREAS,  Los  Alamos 
National  Lab 

Did  you  eliminate  the  possibility  that  the 
species  observed  by  XPS  were  produced  by  x- 
ray  damage? 

REPLY  BY  J.  SHARMA 

Yes.  As  mentioned  in  the  written  paper, 
stringent  precautions  were  taken  so  that  x-ray 
damage  in  the  XPS  could  not  foul  up  the 
results.  The  exposure  on  sample  was  kept  below 
105  Rads.  A  typical  run  changed  specimen  by 
about  1%  whereas  the  observational  changes 
reported  were  twenty  to  fifty  times  larger. 


DISCUSSION 

DR.  F.  VOLK,  Fraunhofer  Institute, 
Bader,  F.R.G. 

We  analyzed  the  reaction  products  of 
nitroguanidine  (NQ)  using  HPLC  method.  We 
could  analyze  not  only  melamine,  but  also  am- 
meline,  melam,  and  other  products  could  be 
found.. 


REPLY  BY  J.  SHARMA 

I  am  not  surprised.  Impact  does  seem  to 
cause  polymerization  in  general,  besides  causing 
other  reactions 
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PARAMAGNETIC  DECOMPOSITION  PRODUCTS 
FROM  ENERGETIC  MATERIALS 


M.D.  Pace,  A.D.  Britt*,  W.B.  Moniz  and  D.  Stec  III 
Chemistry  Division 
Naval  Research  Laboratory 
Washington,  D.C.  20375-5000 


During  thermal  or  photochemical  decomposition  certain  energetic 
materials  including  cyclotrimethylenelrinitrarnine  (RDX)  and 
cyclotetramethylenetetranitramine  (HMX)  evolve  molecular  products 
which  are  paramagnetic.  These  products  (more  commonly  called  free 
radicals)  are  detected  by  using  electron  paramagnetic  resonance  (epr) 
spectroscopy.  Epr  spectra  of  nitroxyl  radicals  are  observed  from  both 
photochemical  and  thermal  decomposition  of  these  nitramines  in  the 
solution  phase.  An  unsolved  epr  spectrum  of  RDX  in  solution  atl70°C 
matches  that,  observed  during  liquefaction  of  RDX  at  200° C.  Recent 
work  includes  nmr  and  epr  results  from  spin  trapping  to  detect  tran¬ 
sient  radicals  in  solution  phase  RDX  in  the  temperature  range 
130°-150°C  (ca.  50°-70°C  below  the  decomposition  temperature  of  this 
material).  The  identification  of  the  spin  trapped  products  has  been  ham¬ 
pered  by  broad  lineundths  and  weak  hyperfine  couplings.  Research  in 
progress  includes  the  application  of  specialized  traps  and  isotopically 
labeled  energetic  materials  to  enhance  spectral  analysis  and  to  provide 
structural  information  about  the  adduct  radicals. 


INTRODUCTION 

Several  energetic  materials  including  RDX  and 
HMX  produce  free  radicals  during  their  decom¬ 
position'-  which  are  detected  by  using  electron 
paramagnetic  resonance  (epr)  spectroscopy  (1). 
This  is  true  for  both  photochemically  and 
thermally  initiated  deeom|x>sitions.  Photochemical 
decompositions  of  solution  phase  and  solid  phase 
energetic  materials  involve  mechanisms  such  as 
addition  of  hydrogen  to  the  parent  compound 
forming  an  adduct  radical,  one  electron  reduction 
of  the  parent  molecules  to  form  anion  radicals  and 
hemolytic  bond  cleavage  to  form  radical  fragments 
(2-4).  In  this  review  we  focus  on  thermal  decom¬ 
position  processes. 

The  lifetime  of  an  individual  solution  phase 
free  radical  is  usually  \ery  short  (ca.  milliseconds 
or  less)  since  the  unpaired  electron  seeks  to  low¬ 
er  its  electronic  energy  state.  Reduction  of  the 
electronic  energy  state  can  occur  by  reaction  of 

^recently  deceased 


the  free  radical  with  another  molecule  to  form 
a  diamagnetic  product  (not  detectable  with  epr) 
having  its  molecular  orbitals  occupied  by  electron 
pairs.  The  formation  of  many  free  radicals 
t  >  ID1-  radicals  per  cm  length  of  cavity)  must  be 
achieved  to  enable  detection  by  continuous  wave 
(cw)  epr.  Thermal  decomposition  of  solutions  of 
RDX  or  HMX  dissolved  in  dimethylsulfoxide  or 
sulfolane  produces  a  dectectable  number  of  free 
radicals  as  evidenced  by  the  epr  spectra  in 
Fig.  la-c  (5,(5).  We  have  found  it  experimentally 
beneficial  to  dissolve  the  energetic  material  into 
a  chemically  inert  solvent.  This  enhances  the 
signal-to-noise  ratio  of  the  spectral  lines  without 
introducing  spectral  artifacts.  Typical  solvents 
used  for  solution  phase  photochemical  experi¬ 
ments  include  dioxane,  acetonitrile,  or  water. 
In  thermal  experiments  the  solvent  must  have  a 
high  boiling  point  (>170  C).  For  most  experi¬ 
ments  we  have  chosen  sulfolane  (b.p.  285°0)  or 
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dimethylsulfoxide  (b.p.  189  °C).  No  signals  are 
detected  from  either  solvent  when  heated  to 
their  respective  boiling  points.  Epr  spectra  were 
recorded  using  an  IBM-Bruker  ER200  spec¬ 
trometer.  During  heating  of  the  HMX  sample 
the  spectrum  in  Fig.  la  does  not  change,  but 
with  the  RDX  sample  a  gradual  spectral  change 
is  observed  (from  the  spectrum  in  Fig.  lb  into 
the  spectrum  in  Fig.  lc)  within  30  minutes  from 
the  start  of  heating.  Epr  signals  (Fig.  la  and  lc) 
are  detected  for  up  to  8  hours  indicating  that 
a  steady-state  concentration  of  free  radicals  is 
produced  by  slow  decomposition  of  these 
nitramines  in  solution  when  the  temperature  is 
maintained  at  170°C. 


0» 


Fig.  la.  First-derivative  epr  spectrum  of  solu¬ 
tion  phase  HMX  (in  sulfolane)  at  200°C 

Fig.  lb.  Epr  spectrum  of  solution  phase  RDX 
(in  solfolane)  at  170 0  C 

Fig.  lc  Epr  spectrum  of  solution  phase  RDX 
(in  sulfolane)  at  170°C  after  a  time-lapse  of  10 
minutes 


The  structural  assignments  are  shown  above 
each  spectrum  in  Fig.  la-b.  These  structures 
represent  a  nitroxyl  type  of  free  radical  having 
most  of  the  unpaired  electron  spin  population 
localized  in  the  nitrogen-oxygen  bond.  These 
assignments  are  consistent  with  the  patterns 
and  intensities  of  the  spectral  lines,  the  14N 
hyperfine  couplings,  the  beta  proton  hyperfine 
couplings,  and  spectral  g-values  (see  EPR 
Theory  Section).  The  formation  of  these  free 
radicals  occurs  by  a  net  loss  of  -NO  from  each 
of  their  respective  parent  molecules.  Experi¬ 
ments  using  anaerobic  samples  indicate  that 
dissolved  02  is  not  a  requirement  for  this  free 
radical  formation. 

Establishing  an  assignment  of  the  free  radical 
structure  is  not  easy  if  more  than  one  type  of 
free  radical  contributes  to  the  epr  spectrum  or 
if  many  spectral  lines  from  a  single  free  radical 
overlap  to  create  unrecognizable  patterns.  The 
spectrum  produced  by  prolonged  thermal  de¬ 
composition  of  RDX  in  sulfolane  at  170  °C  has 
36  resolved  spectral  lines  (Fig.  lc).  An  identical 
spectrum  has  been  recorded  during  liquefaction 
of  RDX  at  200  °C  (7).  The  structure  of  the  free 
radical  which  produces  this  spectrum  is  un¬ 
solved.  The  complex  spectral  pattern  indicates 
that  the  unpaired  electron  spin  population  of 
this  free  radical  is  more  delocalized  than  that 
of  the  simple  nitroxyl  radical.  Some  possible 
structures  for  this  free  radical  include  a  nitronyl 
nitroxyl  radical  or  dimer  type  of  structure  such 
as  the  radical  anion  produced  by  electron 
transfer  between  azobenzene  and  hydrazoben- 
zene  (8).  Understanding  this  spectrum  is  a  ma¬ 
jor  goal. 
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fig.  2a-b.  First-derivative  epr  of  di-tert-buylni- 
troxyl  radical  (produced  iiy  MNP  trap)  in  a  solu¬ 
tion  composed  ofRDX,  MNP,  and  Me,JS0-d6  at 
room  temperature  and  at 


Fig.  2c.  Decay  of  the  di-tert-butylnitroxyl  radi¬ 
cal  occurs  at  110°C as  shown  by  a  disappearance 
of  epr  signals 


Fig.  2d.  Adduct  radical  spectrum  produced 
from  MNP  spin  trap  and  an  RDX  reactant  at 
120aC  (No  spectrum  is  detected  when  RDX  is 
excluded  from  the  solution.) 


Fig.  2e.  Epr  spectrum  of  the  RDX-MNP  adduct 
persists  at  135°C(The  three  lines  are  attributed 
to  an  11 N  hyperfine  coupling.  The  lintwidth  is 
unusually  broad  (ca,  O.SmTD 


Fig.  2f.  Epr  spectrum  of  the  RDX-MNP  adduct 
at  room  temperature.  A  decrease  in  linewidth 
(from  the  spectrum  in  2e)  reveals  a  second  hyper¬ 
fine  coupling 


nm» 


Fig.  3a,  Proton  nmr  spectrum  of  a  solution  com¬ 
posed  of  RDX,  MMP,  and  MefiO-d6  before  a 
single  heat-cycle 


Fig.  3b.  l>roton  nmr  spectrum  of  the  RDX-MNP 
solution  after  a  heat-cool  cycle  shows  several 
new  peaks  arising  from  decomposition  of  RDX 
and  MNP 

When  a  free  radical  is  hard  to  identify  or 
rapidly  decays  (resulting  in  loss  of  epr  signal) 
a  technique  called  "spin  trapping"  can  often 
provide  epr  information  which  would  otherwise 
be  lost.  Spin  trapping  experiments  were  per¬ 
formed  during  thermal  decomposition  cf  solu¬ 
tion  phase  RDX. 

SPIN  TRAPPING 

The  technique  of  spin  trapping  is  firmly 
established  as  an  analytical  tool  in  many  areas 
of  research.  Several  reviews  of  this  technique 
have  been  published  (9).  The  general  reaction 
follows  equation  1  below. 

■R  +  T . -  RT  (1) 

reactant  trap  spin  adduct 

/'  reactant  free  radical  (in  this  case  formed  by 
decomposition  of  either  RDX  or  HMX)  en¬ 
counters  a  molecular  "trap”  and  uncergoes  an 
addition  reaction  to  produce  a  spin  adduct  free 
radical.  The  main  objectives  are  to  record  an  epr 
spectrum  of  the  spin  adduct  and  to  deduce  from 
this  spectrum  the  structures  of  the  adduct  and 
the  reactant.  We  used  the  following  spin  traps 
in  these  experiments:  2-methyl-2-nitrosopropane 
(MNP);  N-tert-butyl-a-phenylnitrone  (PBN);  a- 
(4-py>*>dyl- l-oxide)-N-tert-butyl-nitrone  (4- 
PCBN;,  3,3,5,5-tetramethylpyrroline  N-oxide 
(TMPO);  and  2,4,6-tritert-butylnitrosobenzene 


(TBN).  Table  1  gives  structures  and  melting 
points  of  these  traps.  The  reactant  free  radical 
can  add  to  a  trap  in  two  positions.  Where  it  adds 
depends  upon  the  location  of  the  double  bond 
in  the  trap  as  indicated  by  PBN  and  TBN  in 
equations  (2)  and  (3). 


ft  V  t  . 

•R  +  C  =  N-0  — *  R  — C— N-0  (2) 

C.H,  C,H, 


The  photochemical  decomposition  of  these 
spin  traps  has  been  studied,  but  their  thermal 
decomposition  in  solution  required  experimen¬ 
tal  investigation.  Our  approach  was  to  record 
a  proton  nmr  spectrum  and  an  epr  spectrum 
from  solutions  of  spin  trap  plus  perdeulerodi- 
methylsulfoxide  (Me2SO-d6)  before  and  after  a 
heat-cool  cycle.  (The  heat-cool  cycle  consisted 
of  heating  the  sample  to  150°C  within  one 
minute,  maintaining  the  temperataure  at  150°C 
for  one  minute,  and  then  cooling  the  solution  to 
room  temperature  over  several  minutes).  No 
new  products  were  detected  by  the  nmr  or  epr 
spectra  for  any  of  the  spin  traps  in  Table  1  after 
a  single  heat-cool  cycle.  (At  200°C  PBN  and 
TBN  in  Me2SO-d6  show  epr  signals  attributed 
to  decomposition  of  the  spin  trap.  Room  light 
initiates  a  photochemical  decomposition  of 
MNP  and  Me2SO-d6  at  room  temperature  to 
produce  an  epr  spectrum  attributed  to  the  di- 
tert-butylnitroxyl  radical.  At  110°C  the  di-tert- 
butylnitroxyl  radical  decays  and  does  not  in¬ 
terfere  with  measurements  at  150°C). 

With  this  background  information  in  hand 
thermal  experiments  were  repeated  with  solu¬ 
tions  having  a  weight  composition  of  0.5%  spin 
trap,  9  5%  RDX,  and  ca.  90%  perdeuterodi- 
methylsulfoxide  (water  and  ca.  0.5%  Me2SO 
were  present).  The  epr  spectra  recorded  from  a 
solution  containing  RDX  and  MNP  during  a 
heat-cool  cycle  is  shown  in  Fig.  2a-f.  The  spec¬ 
tra  in  Fig.  2a-c  are  attributed  to  di-tert- 
butylnitroxyl  radicals  as  mentioned  above.  At 
110°C  this  radical  decays.  At  120°C  (Fig.  2d) 
a  spin  adduct  spectrum  of  MNP  and  a  reactant 
free  radical  from  the  decomposition  of  RDX  is 
observed.  The  spin  adduct  spectrum  at  135  °C 
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TABLE  1 

Structures  and  Formulas  of  Spin  Traps 


Spin  Trap 

Structure 

Molecular 

Formula 

Formula 

Weight 

Melting 
Point  (°C) 

MNP 

TO 

C4H9NO 

87.0 

83° 

PBN 

— ( —  N=CH— Ph 

0 

CnH15NO 

177.1 

74° 

4-POBN 

C10Hi4N2O2 

194.1 

185° 

TMPO 

■IBM 

c8h15no 

141.2 

61° 

TBN 

<-Bu  t-Bu 

Ph' 

ON'  '«  Bu 

c18h29no 

275.2 

O 

CO 

t— 

r— 1 

TABLE  2 

Spin  Trapping  Spectral  Data 


Solution  Phase 
Components  in 
Me2SO-d6a 

epr 

nmr 

Spin 

Trap 

Nitramine 

Ratio  of  line 
intensities1’  i 

i 

1 1 FSC 
(mT) 

Line- 

width 

(mT) 

Temp/1 

l°C) 

Spectral  line 
positions  (ppm)e 

MNP 

RDX 

11:1 

aN'  =  .738 

316 

— 

130 

6.09  (RDX),  4.73,  4.60, 

1  1:1:111 

aK  =  .158 

042 

25 

3.38,  <H,0),  2.93,  2.49, 

a11  =  .042 

(Me2SO-dg),  2.07.  1.54, 

1 

119  (MNP) 

PBN 

RDX 

1  1.1. i  1  1 

aN=  738 

.105 

150 

g 

a*‘=  21 1 

- 1 

.  . 

• 

- . . 

4-POBN 

RDX 

1  11  1 

uN  =  737 

158 

150 

S 

TMPO 

RDX 

111  4 

oN  =  750 

184 

110 

g 

TBN 

RDX 

f  : 

4  73,  4.60,  2.07 

I 

(new  products) 

a  typical  weight  L\  composition:  90(?l  Me2SO-d(i,  9.5<>;<  RDX,  0.5‘i  spin  trap, 
b.  1 1 N  and  proton  hyperfine  couplings  produced  spectra  with  either  3  or  6  lines, 
c  electron-nuclear  hyperfine  splitting  (or  coupling)  in  millitesla  (10  gauss  =  1  mT). 
d.  'I’emperature  at  which  the  epr  spectrum  has  constant  spectral  line  intensities, 
e  nmr  line  positions  relative  to  tetramethylsilane  (an  internal  standard), 
f  epr  data  unavailable. 

g  no  new  products  were  detected  after  a  single  heat-cool  cycle. 
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Fig.  4.  Suggested  pathways  for  slow  thermal  decomposition  of  solution  phase  RDX 


(Fig.  2e)  persisted  during  a  time  lapse  of  30 
minutes.  After  recooling  the  sample  to  room 
temperature  the  spectrum  remained  stable  and 
showed  a  reduction  in  linewidth  and  resolution 
of  a  second  hyperfine  coupling  (Fig.  20.  This 
room  temperature  spectrum  persisted  for  2 
hours  before  completely  decaying.  The  6  line 
spectrum  in  Fig.  2f  is  attributed  to  an  UN 
hyperfine  coupling  of  7.38  gauss  (0.738 
millitesla)  and  a  proton  hyperfine  coupling  of 
1.58  gauss  (0.158  millitesla). 

The  proton  nmr  spectra  of  the  RDX-MNP- 
Me2SO-d6  solution  are  shown  in  Fig.  3a-b.  The 
top  spectrum  indicates  that  the  components  of 
the  solution  before  heating  are  RDX,  Me2SO 
(Me2SO-d6  contains  ca.  0.5%  Me2SO),  H20 
(Me2SO-d6  is  hydroscopic)  and  MNP.  After  a 
single  heat-cool  cycle  new  proton  nmr  peaks  ap¬ 
pear  as  shown  in  spectrum  3b.  The  most  pro¬ 
minent  new  peaks  are  at  2.07  ppm,  and  1.54 
ppm  (possibly  t-butylnitrosohydroxylamine). 
Weaker  new  peaks  occur  at  4.73,  4.60,  2.93, 
1.67,  1.41,  1.30,  and  1.53  ppm.  Possible  assign¬ 
ments  to  these  peaks  include  t-butanol  (1.23 
ppm)  and  isobutene  (4.6  and  1.7  ppm). 


Similar  experiments  using  the  other  spin 
traps  in  solutions  with  RDX  and  Me2SO-d6  are 
summarized  in  Table  2.  A  spin  adduct  at¬ 
tributed  to  addition  of  an  RDX  decomposition 
reactant  with  the  trap  was  detected  in  each 
case.  Our  motive  for  pursuing  these  ex¬ 
periments  was  to  trap  the  free  radical  respon¬ 
sible  for  Fig.  lc.  Unfortunately  the  broad 
linewidths  have  impeded  the  extraction  of 
useful  structural  information  from  these  spin 
trapping  spectra.  It  was  surprising  to  find  that 
spin  adducts  formed  at  such  low  temperatures 
(110  °C-1 50  °C). 

DISCUSSION 

There  are  many  possible  pathways  through 
which  RDX  or  HMX  might  thermally  decom¬ 
pose.  Several  of  these  possibilities  for  RDX  are 
depicted  in  Fig.  4.  The  formation  of  a  nitroxyl 
(sometimes  called  nitroxide)  radical  (Fig.  lb)  in¬ 
dicates  that  an  N02  group  is  displaced  from  the 
RDX  molecule  by  an  oxygen  atom.  This  re¬ 
quires  cleavage  of  the  N-NO 2  bond.  A  homo- 
lytic  bond  cleavage  forms  paramagnetic  N02 
and  a  highly  reactive  nitrogen-centered  radical 
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as  shown  in  path  A.  These  free  radicals  can 
recombine  to  form  the  RDX  molecule  (path  B) 
or  perhaps  dimerize  with  other  free  radicals 
(path  C).  The  formation  of  a  nitroxyl  radical  by 
reaction  with  dissolved  oxygen  molecules  is  like¬ 
ly,  but  experiments  with  anaerobic  solutions 
show  that  02  is  not  required.  This  leads  us  to 
consider  other  paths. 

A  nitroxyl  radical  may  result  from  a  recom¬ 
bination  of  the  nitrogen  centered  radical  and 
ONO  following  cleavage  of  the  RDX  N-N02 
bond.  This  possibility  is  indicated  in  path  D. 
Recombination  can  occur  via  the  cage-effect  (the 
rate  of  recombination  of  two  radicals  is  assumed 
much  faster  than  their  diffusion  rates)  and  a 
subsequent  loss  of  NO  produces  a  nitroxyl  radi¬ 
cal  which  is  observed  in  Fig.  lb.  The  nitroxyl 
radical  can  decay  by  a  disproportionation  reac¬ 
tion  (path  F)  to  form  a  nitrone  and  hydroxyla- 
mine  or  can  form  a  second  radical  by  net  loss 
of  UNO.  (The  loss  of  HNO  yields  a  nitronyl  ni¬ 
troxyl  structure.  This  is  the  structure  which  is 
suggested  by  the  spectrum  in  Fig.  lc.  Experi¬ 
ments  are  underway  to  confirm  this).  The  spec¬ 
trum  in  Fig.  lc  strongly  suggests  that  the  free 
radical  is  a  closed  ring  structure.  Thesimplest 
computer  match  to  the  spectrum  in  Fig.  lc  re¬ 
quires  five  inequivalent  hyperfine  couplings 
(10).  Such  a  large  number  of  couplings  indicates 
that  the  electron  spin  population  is  distributed 
over  several  bonds.  This  is  more  likely  for  a  ring 
type  structure  than  for  a  chain  structure.  As 
decomposition  progresses  the  presumed  nitro¬ 
nyl  nitroxyl  radical  can  form  other  radical  or 
non-radical  products  such  as  those  indicated  in 
Fig.  4. 

This  scheme  is  not  the  only  pathway  through 
which  RDX  may  undergo  slow  thermal  decom¬ 
position.  Other  paths  such  as  G  and  II  can  lead 
to  non-radical  products,  or  can  be  clearly  ruled 
out.  For  example,  path  I  is  rejected  because  the 
indicated  nitroxyl  radical's  structure  does  not 
agree  with  the  spectrum  in  Fig.  lb. 

In  summary,  path  D  is  the  most  logical 
scheme  which  fits  our  experimental  observa¬ 
tions.  A  nitronyl  nitroxyl  radical  is  the  sug¬ 
gested  candidate  for  Fig.  lc  based  upon  the  data 
available  at  this  time.  The  spin  trapping  ex¬ 
periments  did  not  produce  information  suffi¬ 
cient  to  identify  the  free  radical  in  Fig.  >  c,  but 
indicated  that  free  radicals  occur  in  solution 
phase  RDX  at  temperatures  much  lower  than 


its  decomposition  temperature. 

EPR  THEORY 

The  unpaired  electron  is  a  distinctive  property 
which  separates  free-radicals  from  diamagnetic 
molecules  having  molecular  orbitals  occupied  by 
paired  electrons.  In  the  presence  of  a  magnetic 
field  the  unpaired  electron  spin  is  space- 
quantized.  This  means  that  the  z  component  of 
the  electron’s  spin  angular  momentum  (Lsz) 
with  respect  to  the  direction  of  an  applied 
magnetic  field  has  a  specific  value  equal  to 
{  msh  |  .  From  quantum  mechanics  the  values 
of  the  electron  spin  magnetic  quantum  number 
are  ms=  +  '/2  and  ms=  —  'A  (h  is  Boltzmann’s 
constant  divided  by  2n).  This  restricts  the  orien¬ 
tation  of  the  electon  spin  vector  Lsz  to  -HAh 
and  -'Ah  (alignment  with  or  against  the 
magnetic  field,  respectively).  The  energy  of 
these  two  orientations  of  LS7  is  Ej  =  +  Vtg  /3H 
for  ms  =  +  Z2  and  E2=  fJH  for  ms=  — 
Vt  (  p  is  a  constant  equal  to  eh/2mc  where  e  is 
the  value  of  electron  charge,  m  is  the  electron's 
mass,  c  is  the  velocity  of  light.  The  g  value  is 
considered  a  constant  here,  but  actually  varies 
slightly  in  organic  systems.  H  is  the  value  of 
the  applied  magnetic  field).  The  difference  in 
energy  between  these  levels  is  AE  =  Ej— E2 
=gf3H.  AE  increases  linearly  with  magnetic 
field. 

The  epr  experiment  detects  a  change  in  the 
populations  of  Ej  and  E2  when  energy  equal  to 
AE  is  applied  from  an  external  source.  The 
quantized  energy  for  a  particular  frequency  (v) 
is  hv,  so  the  value  of  the  frequency  which  must 
be  chosen  to  match  a  particular  magnetic  field 
value  is  determined  by  the  equation  hv=g(iH. 
This  describes  the  condition  of  "resonance".  Ex¬ 
perimentally  it  is  easier  to  select  a  constant  fre¬ 
quency  and  vary  the  magnetic  field  to  achieve 
resonance.  The  most  common  type  of  spec¬ 
trometer  (as  used  in  our  experiments)  operates 
at  a  microwave  frequency  of  v=9.5  GHz  (x- 
band)  and  the  magnetic  field  varies  from  3300 
to  3500  gauss  in  order  to  record  an  entire  spec¬ 
trum.  The  spectral  lines  are  displayed  as  the 
first-derivative  of  the  microwave  power  absorp¬ 
tion  curve. 

This  description  is  simplified  and  in  most  ex¬ 
periments  the  resonance  equation  must  have 
other  terms  to  account  for  all  observed  spectral 
lines.  To  express  the  dipolar  interaction  of  the 
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electron  magnetic  moment  with  the  nuclear 
magnetic  moments  of  nearby  atomic  nuclei  in 
the  free-radical,  a  second  term  ( al  •  S)  is  added. 
This  gives  n  energy  levels  having  En=±  V2 
g/3H  +  al  •  S.  .  S  is  the  electron  spin  magnetic 
quantum  number  having  values  ms=±1/2  and 
I  is  the  nuclear  spin  magnetic  quantum  number 
which  usually  has  e  different  value  for  each 
atomic  nucleus.  The  factor,  a,  gives  the 
magnitude  of  interaction.  For  protons  I  has 
values  of  mI=±I/2;  for  14N  nuclei  mj=±l,0).  In 
solutions  and  melt  phase  spectra  the  isotropic 
coupling  is  usually  adequate  to  account  for  all 
allowed  transitions.  In  the  solid  state  the  second 
term  generally  has  an  anisotropic  part  and  is 
written  S  •  A  •  I  where  A  is  the  anisotropic  hyper- 
fine  coupling  tensor.  Other  terms  are  often  add¬ 
ed  to  the  resonance  equation  including  the 
nuclear  Zeeman  interaction  and  the  nuclear 
quadrupole  interaction. 

A  good  overview  of  nmr  and  epr  theory  can 
be  found  in  reference  11. 
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PARAMAGNETIC  RESONANCE  OF  RADICALS  IN 
DECOMPOSED  TRINITROAROMATICS 


F.J.  Owens 

U.S.  Amy  Armament  Research  and  Development  Center 
Dover,  New  Jersey  07801-5001 


Electron  paramagnetic  resonance  (EPR)  has  been  used  to  identify 
radicals  produced  in  the  uv  and  thermal  decomposition  of  tetryl,  2,4,6 
TNT,  3,4,5  TNT,  3,5 DNT,  3,5 Dichloro-TNT,  Picramide  andDATB. 


INTRODUCTION 

Despite  the  long  history  of  the  use  of  the 
phenomena  of  the  initiation  of  detonation  in 
such  molecules  as  trinitrotoluene,  there  remains 
little  knowledge  of  the  initial  chemical  steps  of 
the  process,  Global  reaction  rates  obtained  from 
differential  scanning  calorimetry  (DSC)  ex¬ 
periments  are  able  to  predict  explosive 
behavior,  such  as  the  critical  temperature  for 
thermal  explosion  when  used  to  solve  the  Frank- 
Kamenetzky  thermal  explosion  equation  (1). 
However,  the  detailed  chemical  steps  that  con¬ 
stitute  this  global  rate  are  unknown.  One 
possibility  is  that  there  is  a  rate  controlling 
step,  perhaps  the  initial  step,  which  dominates 
and  controls  the  process.  The  verification  of  this 
possibility  and  the  identification  of  the  rate  con¬ 
trolling  step  would  be  a  significant  advance  in 
the  understanding  of  the  initial  process.  It  is 
generally  agreed  that  the  initial  step  is  an  en¬ 
dothermic  scission  of  the  internal  molecular 
bonds  of  the  molecules  that  make  up  the  ex¬ 
plosive  followed  by  an  exothermic  reaction  be¬ 
tween  the  fragments  which  are  quite  likely 
radicals.  In  fact,  electron  paramagnetic 
resonance  studies  of  energetic  organic  materials 
thermally  decomposed  in  the  molten  phase  in¬ 
dicate  the  role  of  radicals  in  the  early  stages  of 
the  chemistry  of  initiation  (2,3). 

Although  detailed  studies  of  the  kinetics  of 
the  formation  of  these  spectra  were  made,  no 
identification  of  the  radicals  giving  rise  to  the 
spectrum  was  reported 

As  well  as  thermally  produced  radicals, 
species  produced  by  uv  light  and  gamma  radia¬ 
tion  are  studied.  An  impetus  for  studying 


radiation  induced  radicals  comes  from  possible 
future  directed  energy  weapons.  A  particular¬ 
ly  vulnerable  component  of  a  nuclear  weapon  is 
the  chemical  explosive.  The  production  of  a  high 
concentration  of  radicals,  highly  reactive 
species,  could  drastically  alter  the  explosive 
parameters,  such  as  sensitivity.  For  example, 
it  has  been  shown  that  HMX  subjected  to  109 
R  of  gamma  rays  has  its  five  second 
temperature  reduced  by  99  °C  (4).  Similarly,  im¬ 
pact  sensitivity  of  HMX  was  strongly  affected 
by  gamma  irradiation  which  has  been  shown  to 
produce  radicals  (5). 

EXPERIMENTAL  APPROACH 

To  date  most  of  the  past  work  which  attempts 
to  identify  radicals  in  decomposed  secondary  ex¬ 
plosives  has  been  performed  in  the  liquid  phase 
either  in  the  molten  phase  or  with  the  decom¬ 
posed  material  dissolved  in  solution.  Because 
the  radical  is  rotating  rapidly,  only  the  isotropic 
hyperfine  parameter  is  obtained.  The  intensity 
dependence  of  the  lines  also  gives  information 
about  number  and  kind  of  nuclei  in  the  radical. 
Unfortunately,  assignments  based  solely  on 
liquid  phase  data  are  not  unambiguous.  This  is 
because  different  radicals  with  the  same  nuclei 
can  have  the  same  isotropic  hyperfine  splitting. 
Further,  isotropic  hyperfine  splittings  can  de¬ 
pend  of  the  dielectric  constant  of  the  solution. 
Much  more  information  about  the  electronic 
structure  and  valence  molecular  orbital  of  the 
unpaired  electron  which  can  assist  in  identifica¬ 
tion  can  be  obtained  if  a  fixed  radical  trapped 
in  a  solid  or  matrix  can  be  studied. 


In  principle,  it  is  possible  to  obtain  the 
anisotropic  hyperfine  interaction  tensor  and, 
thus,  with  the  isotropic  interaction,  construct 
the  complete  molecular  orbital  of  the  unpaired 
electron.  Also,  the  principle  components  of  the 
g  tensor  can  give  information  about  energy 
levels  of  the  molecule.  Thus,  the  emphasis  of 
this  work  is  to  attempt  to  study  radicals  fixed 
in  the  solid  in  order  to  maximize  information  ob¬ 
tained  providing  a  positive  identification.  The 
general  procedure  us.  1  here  has  been  to  study 
the  spectrum  in  the  solid  phase,  dissolved 
in  appropriate  solutions,  and  in  the  molten 
phase  of  the  explosive. 

RESULT  AND  ANALYSIS 
Tetryl 

Because  work  has  been  done  on  a  number  of 
explosives,  it  will  not  be  possible  here  to  pre¬ 
sent  detailed  analysis  for  each  explosive. 
Rather,  this  will  be  done  for  one  case  (that  of 
tetryl)  to  illustrate  the  approach  and  the  results 
will  be  presented  for  the  others.  In  this  work  the 
ERR  spectrum  is  studied  both  in  the  liquid 
phase  and  trapped  in  the  solid  state  in  order 
that  all  the  parameters  of  the  spin  Hamiltonian 
be  obtained.  It  is  possible  to  construct  the 
molecular  orbital  of  the  unpaired  electron  from 
the  components  of  the  hyperfine  tensor.  Such 
information  assists  in  assigning  the  radicals 

Powders  of  tetryl  were  irradiated  at  room 
temperature  and  dissolved  in  benzene  and  the 
ERR  spectrum  recorded.  The  spectrum  obtained 
in  benzene  at  room  temperature  is  shown  in 
Figure  1(a).  It  consists  of  6  lines,  each  separated 
from  each  other  by  10.0  Gauss.  The  g  value  at 
the  center  of  the  spectrum  is  2.0058.  The 
relative  intensity  of  the  six  lines  is 
19,  67,1, .67, .19.  When  the  modulation  and  the 
power  were  reduced,  no  further  structure  could 
be  observed  on  the  individual  resonance.  It  was 
possible  to  simulate  this  spectrum  on  a  com¬ 
puter  by  assuming  a  radical  having  one  un¬ 
paired  electron  interacting  with  one  nitrogen 
nucleus  i  I  ~  l )  and  three  hydrogen  nuclei  and 
assuming  that  the  isotropic  hyperfine  interac¬ 
tion  with  the  nitrogen  and  hydrogen  nuclei  were 
both  10  0  G  Figure  Mb)  shows  the  computer 
generated  spectrum  assuming  a  Gaussian  line 
shape  of  4  9  Gauss  width  The  simulated  spec¬ 
trum  is  m  excellent  agreement  with  the  experi¬ 
mental  spectrum 


In  order  to  obtain  further  information  about 
the  spectrum,  the  EPR  of  fixed,  but  randomly 
oriented,  radicals  was  measured  by  recording 
the  spectrum  in  frozen  benzene.  When  a 
molecule  or  radical  is  fixed  with  respect  to  the 
direction  of  the  dc  magnetic  field,  the 
anisotropic  dipolar  hyperfine  interactions  are  no 
longer  averaged  to  zero  as  in  the  liquid  phase 
and  the  separation  of  the  resonances  from  each 
other  are  dependent  on  the  orientation  of  the 
symmetry  axis  of  the  molecule  with  respect  to 
the  direction  of  the  dc  magnetic  field.  The  spec¬ 
trum  recorded  in  frozen  benzene  therefore  con¬ 
sists  of  a  superposition  of  spectra  (weighted  by 
the  function  governing  the  angular  dependence 
of  the  splittings)  arising  from  all  possible  orien¬ 
tations  of  the  axis  of  the  radical  with  respect 
to  the  dc  magnetic  field.  Figure  2(a)  shows  the 
spectrum  recorded  on  the  frozen  benzene.  This 
spectrum  is  then  the  powder  spectrum  of  the  6 
line  spectrum.  This  powder  spectrum  is  consis¬ 
tent  with  an  unpaired  electron  on  a  radical  hav¬ 
ing  an  isotropic  hyperfine  interaction  with  3 
hydrogen  nuclei  and  an  axially  symmetric 
anisotropic  hyperfine  interaction  with  one 
nitrogen  nuclei.  The  outer  lines  of  the  spectrum 
in  Figure  3  are  separated  from  each  other  by 
10.0  G  and  are  due  to  the  hydrogen  splittings. 
The  parallel  component  of  the  hyperfine  tensor 
can  be  obtained  directly  from  the  powder  spec¬ 
trum  shown  in  Figure  2.  The  perpendicular  com¬ 
ponent  cannot.  As  10  G  is  the  nitrogen  isotropic 
hyperfine  splitting  determined  from  the  liquid 
spectrum,  for  axial  symmetry  A  JL  can  be 
calculated  from  the  measured  A,,  and  the  trace 
of  the  hyperfine  tensor  given  by 


Assuming  the  signs  of  all  components  are  the 
same  A  L  as  1.5. 

Figure  2(b)  show's  the  spectrum  obtained 
directly  from  the  irradiated  powders  of  tetryl 
is  the  same  as  that  obtained  in  the  frozen 
benzene  indicating  that  the  radical  trapped  in 
the  lattice  is  the  same  as  that  observed  in  the 
benzene  solution. 

The  ERR  spectrum  of  uv  irradiated  solid 
tetryl  which  was  dissolved  in  liquid  benzene  is 
consistent  with  an  unpaired  electron  having  ar. 
equal  hyperfine  interaction  with  3  hydrogen 
nuclei  of  10.0  G  and  an  istropic  interaction  with 
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Fig.  1.  (a)  EPR  spectrum  of  irradiated  powders  of  tetryl  dissoli  !  in  benzene  and  recorded  at 
room  temperature;  (b)  Computer  simulated  spectrum  assuming  the  signs  of  all  the  ten¬ 
sor  components  are  the  same 


Fig  2  la)  EPR  of  irradiated  tetryl  in  frozen  benzene;  lb)  Directly  from  irradiated  fine  powders 
of  tetryl 
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Fig  3  la)  EPR  spectrum  in  fine  powders  of  uv-irradiated  TNT;  lb)  Computer  simulation  of  the 
powder  spectrum 
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one  nitrogen  nuclei  also  of  10.0  G.  The  principal 
components  of  the  nitrogen  hyperfine  tensor  are 
obtained  from  the  powder  pattern  of  the  fixed 
radicals  in  the  frozen  benzene  and  are 
An=27.0G  and  Ax  =1.5  G.  In  the  frozen  spec¬ 
trum  the  hydrogen  splitting  is  10.0  G  as  in  the 
liquid  phase.  Similar  g  and  A  tensor  com¬ 
ponents  are  obtained  from  the  spectrum  ob¬ 
tained  directly  from  the  irradiated  powders. 

The  principal  components  of  the  nitrogen  ten¬ 
sor  are  in  accord  with  those  expected  for  an  un¬ 
paired  electron  localized  on  an  NO  group.  For 
example,  the  nitrogen  hyperfine  tensor  com¬ 
ponents  of  di-t-butyl  nitroxide  are  A  =6.3  G 
and  Aj  j =32.0  G  quite  close  to  those  observed 
here  (6).  Generally,  for  an  unpaired  electron 
localized  on  an  NO  group,  the  nitrogen  hyper¬ 
fine  tensor  is  axial  and  A  x  is  small  because  the 
unpaired  electron  is  localized  mostly  in  a  P  type 
orbital  made  up  of  oxygen  p  and  nitrogen  p 
atomic  orbitals  oriented  perpendicular  to  the  N- 
O  axis.  Since  there  are  nodes  in  the  plane  of  the 
N-0  axis,  the  components  of  the  hyperfine  ten¬ 
sor  parallel  to  the  molecular  axis  will  be  small, 
in  this  case,  the  perpendicular  to  the  p  orbitals. 
The  isotropic  splitting  of  10.0  g  is  also  consis¬ 
tent  with  that  for  an  NO  group  on  a  benzene 
ring.  For  example,  the  average  nitrogen  iso¬ 
tropic  hyperfine  splitting  in  different  solutions 
is  9.1  G  for  the  C6H5NO.  The  observation  of  the 
equal  interactions  with  the  three  hydrogen 
nuclei  indicates  that  the  NO  is  formed  on  the 
CH3NN02  group  of  the  tetryl  molecule.  In 
other  words,  the  radical  is  assigned  to 
C6<N02>3H2<CH3)N0. 

Further  support  for  this  assignment  comes 


from  similarity  of  the  measured  EPR  para¬ 
meters  to  those  measured  in  such  radicals  as 
2,4,6  tri-t-butyl  nitrosobenzene  and  2, 3, 5, 6  tetra 
methylphenylmethylnitroxide  also  observed  by 
EPR  dissolved  in  benzene  which  have  analogous 
structures  as  the  radical  proposed  here  (8). 

Nitrotoluenes 

The  same  experimental  approach  has  been 
used  to  identify  radicals  in  4,6  DNT,  2,4,6  TNT, 
and  3.4,5  TNT.  Figure  3a  shows  the  spectrum 
obtained  in  powders  of  2,4,6  TNT.  In  Figure  3b 
is  a  computer-generated  spectrum  assuming  a 
Gaussian  line  of  width  7.0  G  and  spin  Hamil¬ 
tonian  parameters  A^^  =  4.0G,  AU=27.0G, 
g11  =  2.0023,  and  g±  =.2007. 

When  the  decomposed  TNT  is  dissolved  in 
benzene,  a  spectrum  with  the  same  spin  Ham¬ 
iltonian  parameters  is  obtained,  but  a  further 
hyperfine  interaction  with  five  equivalent  hy¬ 
drogen  nuclei  is  observed.  Speclra  having  the 
same  parameters  were  also  observed  when  3,4,5 
TNT  and  3,5  DNT  were  dissolved  in  benzene 
after  decomposition.  The  spectra  are  assigned 
to  a  radical  having  an  unpaired  electron  local¬ 
ized  on  an  NO  group  formed  by  the  removal  of 
an  O4  from  the  N02  group  of  TNT.  An  irrever¬ 
sible  decrease  of  the  isotropic  hyperfine  split¬ 
ting  with  the  nitrogen  nucleus  was  observed 
with  increasing  temperature  in  the  molten 
phase  of  TNT. 

The  radicals  in  TNT  are  assigned  to 
C6H2(CH3)(N02)2N0X,  where  X  is  unknown 
but  could  be  an  H  atom  or  electron.  Table  1 
summarizes  the  results  for  the  various 
nitrotoluenes  studied. 


TABLE  I 

Spin  Hamiltonian  Parameters  of  Nitroso  Radicals  in  Nitrotoluenes  Obtained  from 
Frozen  Benzene  Solutions  of  the  Irradiated  Material 


Hydrogen 

A„ 

Nitrogen 

A,  (Gauss) 

A,. 

e.i 

e 

Radical 

!,(>  DNT 

10  u 

2f>  0 

2  5 

2  002 

2  006 

CJljlCH.HNOjNOX 

2.4.6  TNT 

2  5 

100 

25  5 

2  25 

2  00.) 

2  007 

1 ,)( NOjljN  OX 

1,4.6  TNT 

2  5 

10  0 

24  0 

J  0 

2  002 

2  006 

CbH,(CHjMN02l2N0X 

Dichloiu 

TNT 

100 

('b(’l2(CH!MN01,)N0X 

X  -  >  Klectron,  H  Atom 
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Fig.  4.  EPR  Spec-trim  of  UV-Irradiated  DATB  and  TNA  Dissolved  in  Benzene 


Trinitroanilines 

Powders  ol  uv-irradiated  trinitroaniline  (TNA, 
picramide),  diaminotrinitrobenzene  (DATB)  and 
triaminotrinitrobcnzene  (TATB)  show  a  broad 
singlet  at  g(„  having  little  structure  to  assist  in 
identification.  When  irradiated  TNA  and  DATB 
are  dissolved  in  benzene,  the  spectrum  shown 
if  Figure  4  is  obtained.  A  reasonable  computer 
simulation  of  this  spectrum  can  be  made  assum¬ 
ing  an  unpaired  electron  interacting  equally 
with  3  nitrogen  nuclei  having  A„=3.0  G  and  3 
hydrogen  nuclei  with  A(  [=().()  G.  When  account 
is  taken  of  solution  dielectric  constant,  these 
values  are  consistent  with  EPR  observations  of 
the  KH-anion,  R  being  CfiH.;(NOol;,.  Since  this 
assignment  is  based  only  on  a  computer  simula¬ 
tion  (which  is  not  unique)  of  a  solution  spec¬ 
trum.  the  assignment  is  only  suggestive  at 
most,  and  further  work  is  needed. 
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We  present  an  extensive  application  of  our  WCA4  equation  of  state 
based  on  the  WCA  mixture  theory  of  dense  fluid  to  evaluate  the  ex¬ 
plosive  performances.  A  large  set  of  partially  or  entirely  CHON  ex¬ 
plosives  (22  compositions)  are  studied  at  Chapman-Jouguet  (CJ)  con¬ 
ditions  and  are  in  good  agreement  with  experiment.  For  CJ  isentropes 
of  two  compositions  X2  ( made  of  HMX)  and  T2  (highly  carboned  with 
TATB),  we  compare  WCA4  results  with  experimental  data  obtained 
by  two  different  methods.  To  explore  the  vicinity  of  the  CJ  isentrope, 
several  WCA 4  second  shock  Hugoniots  are  calculated  from  initial 
states  (0.5  GPa  to  50  GPa).  At  last,  we  calculate  thermodynamical 
WCA4  values  which  can  simulate  the  reaction  zone. 


INTROIH  C’TION 

After  the  first  Pickett's  attempt  (1962)  to 
determine  an  equation  of  state  (KOS)  for  detona¬ 
tion  products  bv  statistical  mechanics  (UD  ( 1». 
it  is  only  recently  that  many  other  KOS  ap¬ 
peared,  they  are  based  on  superposition  of  solid 
and  fluid  theory  (JCZ  (2)  )  or  fluid  theory  (WCA 
(3,  4,  7),  Boss'  variational  (5,  6) ).  in  this  paper, 
we  use  extensively  the  WCA4  version  of  our 
KOS  (41.  We  recall  m  part  1  the  way  of  building 
this  KOS  In  part  11,  a  lot  of  WCA4  Chapman- 
.Jouguet  (CJ)  results  are  compared  with  ex 
periments,  some  typical  values  are  summed  up 
Part  111  treats  of  CJ  isentrope.  The  two  mea¬ 
surement  methods  used  in  our  laboratory  are 
compared  for  two  compositions:  X2  (made  of 
HMX)  and  T2  (highly  carboned  explosive  with 
TATB).  A  critical  analysis  of  experiments  is 
reviewed  before  a  comparison  w-ith  our  calcula¬ 
tions  T2  is  dealt  with  graphite  or  diamond  as¬ 
sumptions  for  the  sol'd  phase  In  part  IV,  from 
several  points  on  the  CJ  isentrope  of  T2  explo¬ 
sive,  the  second  shock  Hugoniots  are  evaluated 
to  know  the  vicinity  of  the  CJ  isentrope.  Part 
V  consists  in  an  approach  of  the  reaction  zone. 

1.  STRUCTURE  OF  THE  VVCA1  EOS 

With  a  statistical  mechanics  KOS  (1-7)  it  is 
logical  that  theoretical  results  verify: 


—results  of  numerical  experiments  (Monte- 
Carlo  (MC)  or  molecular  dynamics)  for  pure  fluid 
and  binary  mixture, 

—  the  behaviour  of  each  component  alone  (its 
Hugoniot  for  example). 

-CJ  results  of  explosives  of  vai  ious  composi¬ 
tions  and  loading  densities;  the  EOS  must  agree 
with  experiments  outside  the  CJ  zone  (CJ  isen¬ 
trope,  ). 

We  recall  rapidly  the  WCA4  structure  (4).  The 
detonation  products  of  CHNO  explosive  include 
two  phases  (solid  for  carbon  and  fluid  for  other 
species  mixture)  assumed  at  P-T  equilibrium. 
The  total  energy  is  the  sum  of  an  perfect  gas 
energy  and  a  configurational  energy.  The  former 
is  calculated  with  Mader’s  fits  (8)  of  the  1  atm. 
isobar,  in  complement  with  Nellis’s  (9)  for  dia¬ 
mond.  The  caibon  KOS  is  of  Cowan-Fickett 
type  for  graphite  or  diamond  (10).  The  config¬ 
urational  energy  of  the  fluid  phase  is  deduced 
from  the  Weeks-Cliandler- Andersen  (WCA) 
theory  (11),  expressed  with  \  erlet- Weis  for¬ 
mulae  (12)  and  extended  to  mixture  by  Lee- 
Levesque  (13).  Each  component  is  described 
with  an  EXP-6  potential.  The  mixing  rules  are 
classical  (4).  There  is  no  change  for  every 
parameter  of  potentials  (H20.N2,CH^,02.H2, 
N’ilj.NO.CO.CTL)  with  those  of  Table  1  in  (4). 


We  can  obtain  good  agreement  with  the  recent 
experimental  CO  Hugoniot  (9).  With  a  thermo¬ 
chemical  code  (14),  the  complete  equilibrium  is 
achieved  when  the  Gibbs  enthalpy  is  minimum 
at  fixed  P-T.  We  have  no  other  parameters  to 
evaluate  explosive  performances. 

II.  CJ  RESULTS  FOR  VARIOUS 
COMPOSITIONS 

The  CJ  point  of  an  explosive  is  reached  at  the 
minimum  of  detonation  velocity  along  the  reac¬ 
tive  Hugoniot.  The  studied  explosive  is  charac¬ 
terized  by  its  chemical  formula,  formation  energy 
E0,  loading  density  <50;  most  values  are  taken 
from  (15).  We  choose  a  great  deal  of  compo¬ 
sitions. 

Table  1  collects  all  CJ  results  on  partially  or 
entirely  CHNO  explosives.  At  normal  gQ  of  solid 
TNT,  H NS.  TATB,  DATB,  TETRYL,  COMP  B, 
the  values  can  be  found  in  (10)  with  graphite  or 
diamond  assumptions  (in  (10),  the  fit  of  the  1 
atm.  isobar  for  diamond  is  made  as  in  (5b),  dif¬ 
ferent  from  (9)  i.  In  Table  1,  graphite  solid  car¬ 
bon  is  admitted  to  exist  in  detonation  products 
if  C  element  is  present  in  the  chemical  formula. 

A  previous  WCA  version  was  verified  (3b)  to 
agree  with  the  nearly  linear  Kamlet's  curves 
0(\j  (<?„)  and  Pq  ((?„-).  To  be  able  to  interpolate 
l\’j  and  P(-j  with  these  laws,  we  give  two  q0 
values  in  Table  1.  If  several  measurements  of 
detonation  velocities  are  considered  from  various 
laboratories  and  different  methods,  there  is  a 
data  scattering  of  H  (even  2%).  The  scattering 
for  pressure  reaches  10%. 

The  BKW  EOS  is  an  almost  empirical  EOS  to 
evaluate  CJ  performances,  only  the  RDX  values 
of  l/J.  x)  (15)  are  coherent  to  agree  with  the  most 
numerous  (CO,.  H.,0.  N2)  components  of  detona¬ 
tion  products;  so,  only  the  B  K W  previsions  with 
RDX-(/?,  x)  values  are  discussed  here.  In  opposite 
of  BKW  giving  too  low  temperatures,  the  EOS 
based  on  statistical  mechanics  show  a  rather 
good  agreement  with  experiment.  In  a  general 
way,  WCA4  CJ  pressures  are  always  higher  than 
those  given  by  LJD  or  JCZ;  WCA4  is  generally 
closer  to  experiment.  An  exception  must  be 
noticed  for  HNB  which  is  a  very  high  explosive. 
WCA4  finds  only  C02  and  N2  in  its  detonation 
products,  in  fact,  the  only  experimental  CO,2 
points  were  obtained  in  1962  (16)  and  re-analysed 
in  '  980  ( 1 71  So,  there  is  a  lack  of  a  recent  experi¬ 


mental  Hugoniot  to  fit  the  C02  EXP-6  potential 
parameters.  Ree  (5a)  obtains  a  rather  good  agree¬ 
ment  for  HNB  but  he  changes  lightly  his  C02 
parameters.  This  modification  varies  much  the 
CJ  result  with  WCA4.  Then,  we  will  await  new 
C02  experiments  to  consider  again  the  HNB 
problem. 

Now  we  sum  up  typical  values  of  CJ  point 
quantities  for  a  large  range  of  q0  (1  to  1.9  g/cm3). 
We  refer  to  appendix  1  to  define  1* qj,  /qj,  Zp,  e*, 
T*,  n,  Cv. 

The  T Cj  value  varies  from  2.5  to  3.4.  For  this 
same  q0  zone,  yc j  remains  approximately  con¬ 
stant  (1.1  to  1.2).  Cv  varies  between  1.5  and  2.5 
kJ/kg.  Considering  the  total  number  of  molecules 
(with  solid  carbon  when  it  is  present),  the  molar 
heat  capacity  at  constant  volume  ranges  from 
37.5  to  70  J/mol  (i.e.  4.5  R  to  8.5  R  where  R  is 
the  perfect  gas  constant). 

First,  we  study  the  higher  q0  area  (1.7  to  1.9 
g/cm3);  Zp  lies  between  12  and  13  for  low  carbon 
content  explosives  (such  as  HMX,  RDX)  and 
between  14  and  15  for  high  carbon  content  ex¬ 
plosives  (such  as  TATB). 

The  packing  fraction  at  the  CJ  point  is  ap¬ 
proximately  0.55  for  low  carboned  explosives 
and  0.60  for  the  others.  A  hard  sphere  fluid 
becomes  solid  when  rj  exceeds  0.49;  a  real  fluid 
treated  with  WCA  theory  changes  into  a  solid 
phase  when  p  is  over  0.56  to  0.63  according  to 
some  authors  (18). 

Then,  for  the  lower  e0  area  (about  1.0  g/cm3), 
we  find  Zp  between  4.0  and  4.5  and  ^cj  between 
0.35  and  0.4. 

III.  CJ  ISENTROPES 

In  order  to  build  the  EOS  of  an  explosive,  we 
must  calculate  values  far  from  CJ  point  condi¬ 
tions.  More  ver,  in  hydrodynamic  codes,  the 
EOS  of  an  xplosive  is  often  approximated  by 
a  Taylor  expansion  to  a  first  order  about  the  CJ 
isentrope;  this  EOS  is  Mie-  Griineisen  type  (e.g. 
modified  Wilkins  EOS  (19) ),  JWL  EOS  (20,  21). 

Because  of  a  lack  of  detailed  published  ex¬ 
periments  on  CJ  isentrope,  we  study  two  com¬ 
positions  of  our  laboratory,  described  in  appen¬ 
dix  1. 

Two  measurement  methods  are  used  for  the 
isentropic  curve  near  the  CJ  point;  we  discuss 
their  respective  advantages  and  drawbacks. 


TABLE  1 

CJ  results  (D  in  m/s,  P  in  GPa,  T  in  K,  En  in  keal/mol) 


CJ  STATE  OF  CN.  CNO.  UNO,  HN  EXPLOSIVES 


Explosive 

Chemicul  formula 

Experiment 

WCA4 

Elements 

Loading  density 
Energy  of, formation 

(15) 

2,  4,  6  -  Triuzido 

D 

5600 

6131 

-s-triazine 

P 

10.4 

CN 

en~  1  ■  1 5 

E0  =  234.0 

T 

4346 

TNM 

D 

6360 

6263 

CNA 

P 

15.9 

15.3 

CNO 

C?o  =1.64 

E0  =  21.6 

T 

2800 

2409 

TNTAH 

D 

8576 

8541 

C0N12O6 

P 

35.6 

CNO 

(Jo  =L"'l 

T 

5620 

K„  --  290.0 

-  ■ 

II N  H 

D 

~  9300 

8340 

Cfi  NfiOi:- 

P 

35.8 

CNO 

Of.  =  l'973 

T 

5389 

E„  =  -2.54 

BTF 

I) 

8485 

8442 

C0NcO6 

P 

37.4 

CNO 

C()  =  1.859 

E0  =  157.8 

T 

5600 

Hydrazine  azide 

D 

~  6000 

6529 

H3N5 

P 

10.1 

HN 

Co  ^  10 

T 

2307 

F-o  «  55 

. 

Hydrazine  nitrate 

D 

8691 

8190 

h3n3o3 

P 

27.8 

HNO 

P0  =  1.626 

T 

2442 

E„  =  “47.7 

.. 

Hydrazine  /21  azide 

D 

8600 

8390 

J79  nitrate 

Hglf.4N4.r>77°3 

Co  =1.4418 

P 

24.9 

HNO 

E0  =  -33.37 

T 

‘2900 

2720 

Hydrazine-770  azide 

D 

8025 

7760 

/30  nitrate 

,IT2  88f>N18-8430O.1 

C0  =  1.14 

P 

15.8 

HNO 

E„  =  78.06 

T 

2180 

2128 

Ammonium  nitrate 

D 

4500 

4746 

h4n2o3 

P 

5.42 

HNO 

Co  =  1.05 

T 

1745 

E0  *  “78.1 

CJ  STATE  OF  CHNO  EXPLOSIVES 


Explosive 

Chemical  formula 
Formation  Energy  E„ 

Co 

(g/cm3 

D 

P 

T 

Experiment 

(15) 

WCA4 

TNT 

D 

5254 

5312 

C7H5N3O8 

1.061 

P 

11.0 

7.7 

E0  =  -1.44 

T 

~3333 

HNS 

D 

5188 

C14H6N6°12 

1 

P 

6.75 

E0  =  44.22 

T 

3604 

D 

7860 

8085 

TATB 

1.895 

P 

31.5 

31.4 

CfiH6N606 

T 

2979 

D 

5114 

E0  =  -17 

1 

P 

6.8 

T 

3078 

DATB 

D 

5386 

c6h6n6o6 

1 

P 

7.3 

E0  =  12 

T 

3407 

TETRYL 

D 

5731 

C7H5N5O# 

1 

P 

8.0 

E„  =  8 

T 

3552 

NM 

D 

6290 

6660 

CH3NO2 

1.128 

P 

14.1 

12.5 

T 

3380 

3388 

E„  =  -14.92 

D 

5681 

0.9 

P 

7.5 

T 

3464 

NQ 

D 

7980 

8013 

CH4N4O2 

1.629 

P 

24.8 

T 

E„  =  -11.1 

D 

5460 

5480 

1 

P 

7.3 

T 

2672 

RDX 

D 

8754 

8835  - 

c3h6n606 

1.80 

P 

34.7 

35.6 

T 

4074 

E0  =  33.97 

D 

5981 

6064 

1 

P 

9.5 

T 

4529 

HMX 

D 

9100 

9070 

C4H8N808 

1.90 

P 

39.3 

41.0 

T 

~4150 

E0  =  43.46 

D 

6056 

1 

P 

9.6 

T 

4610 

PETN 

D 

8300 

8416 

C8H8N40i2 

1.77 

P 

33.5 

31.5 

T 

3400 

4349 

E0  -  -95.6 

D 

6480 

5494 

1 

P 

8.7 

8.0 

T 

4899 

NG 

D 

7680 

7447 

C3H5N3O9 

1.69 

P 

22.2 

T 

3470 

~4870 

E0  -  -66.52 

4000  flu' 

D 

6184 

1 

P 

7.2S 

T 

_ 

4944 

763 
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These  methods  are:  the  velocity  of  a  thin  flyer 
obtained  with  Laser  Doppler  Interferometry 
(LDI)  and  the  impedance  matching  method. 

1.  Velocity  of  a  Thin  Flyer  Obtained  with  LDI 

This  measurement  method  is  a  generalization 
of  that  of  Boiko  et  al.  (22),  only  explained  for  in¬ 
ert  materials.  A  thick  plate  is  projected  onto  the 
considered  explosive,  the  detonation  transferring 
velocity  to  the  thin  flyer.  The  LDI  (23)  measures 
the  free  surface  velocity  Us  of  this  flyer  within 
10  m/s.  In  Fig.  1,  the  set-up  used  is  shown  and 
the  propagation  of  releases  and  shocks  is  in¬ 
dicated.  Between  the  two  characteristics  MN 
and  PQ  (Fig.  1A),  the  LDI  measured  velocities 
of  the  flyer  can  be  easily  connected  to  points 
situated  on  the  detonation  products  isentrope 
from  Pp-U|).  The  aim  of  the  method  is 
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Fig  1  Set-up  and  mid  hod  of  t  hi-  celoaty  of  a 
thin  fl \er  obtained  with  LDI 

to  (Fig  lbi  obtain  a  maximum  of  to  and-fros  in 
the  useful  zone  of  velocity  (Fig.  IB).  So  in  the 
original  Boiko's  method,  the  flyer  must  be  very 
thin  and  have  a  high  impedance.  Attention  must 
be  paid  to  ensure  (Fig  1  A)  that  the  release  fan 
(PQ,  PR)  from  the  rear  of  the  plate  does  not  in¬ 
terfere  with  the  useful  zone;  otherwise,  the  LL)1 
measured  velocities  will  correspond  to  other  isen- 
tropes  which  are  lower  than  the  Pjj-Ujj  isen¬ 
trope.  This  last  troublesome  phenomenon  can  be 
delayed  if  we  use  a  larger  thickness  X  for  the 
plate 

In  this  Ll)l  method,  values  for  P-u  are  cal- 
cuia;-  .  the  explosive-fiver  interface  with  a 
code  based  on  the  characteristics  going  back  m 
time  t  (23)  Onh  the  measured  profile  I  s  it)  of 
the  fiver  free  surface  i^  used 


2.  Impedance  Matching  Method  (Fig.  2) 

With  the  help  of  the  shock  velocity  in  several 
materials  of  known  impedance,  some  points 
(pressure  P  -  material  velocity  u)  are  deduced  on 
the  detonation  products  isentrope.  With  solid  or 
liquid  materials  (uranium,  iron,  aluminum, 
magnesium,  water),  shock  transition  is  observed 
before  and  after  the  considered  material  by  the 
luminous  track  produced  in  plexiglas.  Several 
thicknesses  x  (Fig.  2B)  were  investigated;  the 
shock  velocity  must  be  considered  for  x  near 
zero. 

To  obtain  P-u  points  at  low  pressures  (P  <  10 
GPa)  on  the  isentrope,  gaseous  materials  (such 
as  argon)  are  used  with  different  initial  pressures 
(between  800  and  10-2  atm);  the  argon  becomes 
luminous  under  shock  and  the  tracks  are  photo¬ 
graphed  with  a  streak  camera  (24).  A  critical 
view  of  this  analysis  leads  us  to  conclude  that: 

—if  the  influence  of  the  explosive  reaction  zone 
is  neglected,  then  the  pressure  profile  versus 
distance  in  the  explosive  has  a  triangular  form; 
ihe  CJ  pressure  occurs  just  before  the  Taylor 
release.  The  shock  transmitted  to  the  adjacent 
material  decreases  continuously;  so,  the  veloci¬ 
ty  D0  of  this  shock  must  be  considered  when  x 
equals  zero. 

—in  fact,  the  explosive  reaction  zone  always 
exists  (Fig.  3).  Let  a  be  the  thickness  of  the  reac¬ 
tion  zone.  The  front  of  the  pressure  profile  must 
be  completed  with  a  strong  gradient  (going  from 
the  Von  Neuman  peak  to  the  CJ  point).  Thus  the 
reaction  zone  perturbs  the  transmitted  shock  on 
a  distance  b 

With  such  hypotheses,  result  analysis  of  the 
fret*  surface  velocity  of  flyer  would  lead  to 


Fig  2  Impedance  matching  method  iset-up  for 
solid  tB)  and  gaseoir  K )  material j 


choose  Usom  for  the  experimental  value  instead 
of  Usol  (Fig.  3B).  With  a  finer  model  (25)  than 
Duff  and  Houston’s  one  (26),  the  spread  b  of  the 
reaction  zone  appears  larger  at  low  pressures. 
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Fig.  3.  Influence  of  the  reaction  zone  in  the  im¬ 
pedance  matching  method 


For  measured  points  with  solid  or  liquid 
reference  materials,  reaction  zone  influence  can 
be  neglected.  The  argon  points  are  much  more 
difficult  to  analyse.  It  is  necessary  to  have  a 
good  KOS  for  argon  and  to  consider  the 
luminous  track  analysis. 

Two  models  for  argon  KOS  have  been  used. 
A  first  model,  due  to  Pinegre,  Aveille  et  al.  (PA) 
(2-1)  is  build  in  three  steps: 

i)  a  perfect  gas, 

n)  a  perfect  gas  with  ionization  (Saha  KOS), 

iii)  a  dense  fluid  KOS  (fitting  of  MC  results 
with  Lonnard-J ones  potential  (27)  )  and  a 
simplified  ionization 

A  second  model,  due  to  Zerah  and  Jevais  (ZJ) 
(26)  consists  in  an  ionic  thermal  contribution 
based  on  the  CRIS  model  (29)  for  the  fluid  phase 
and  an  electronic  thermal  contribution  based  on 
the  self  consistent  field  model  ("1NFKRNO"  by 
Liberman  (30) ).  The  CRIS  model  is  taken  from 
PANDA  code  (31). 

Now  we  present  two  analysis  methods  of 
luminous  track  in  argon.  With  X2  composition, 
the  space-time  track  is  fitted  with  a  least  squares 
parabola  o»er  10  mm;  to  get  some  information 
about  reaction  zone  influence,  the  velocity  in 
argon  is  obtained  by  the  tangent  at  3  mm  from 
explosive;  another  series  of  values  considers  the 
velocity  as  the  slope-  at  0  mm.  W  ith  T2  composi- 
t...-n,  a  more  accurate  analysis  (2-1)  takes  account 


of  the  Thouvenin’s  model  (25). 

3.  Difficulties  of  Interpretation  of 
Experimental  Results 

The  experimental  P-u  results  and  analysis  are 
due  to  (24)  with  PA  model  for  argon,  (32)  with 
ZJ  model,  (23)  with  LDI  method.  The  three  steps 
of  PA  model  lead  to  conclude  that  ionization  con¬ 
tribution  is  more  important  than  real  gas  con¬ 
tribution  below  2  GPa:  above  it  is  the  opposite 
conclusion. 

Analysis  at  0  mm  gives  a  more  “energetic”  ex¬ 
plosive  than  analysis  at  3  mm;  this  is  to  be  ex¬ 
pected  if  the  pressure  gradient  influence  between 
the  Von  Neuman  peak  and  the  CJ  point  is  taken 
into  account.  The  thickness  of  the  reaction  zone 
is  about  0.3  to  0.4  mm  for  X2  whereas  the  T2 
reaction  zone  is  about  1.5  mm  thick.  We  verify 
a  greater  discrepancy  between  the  3  and  0  mm 
analysis  for  X2  when  the  pressure  decreases. 

A  perfect  continuity  between  results  measured 
with  argon  or  with  solids  and  liquids  is  difficult 
to  reach. 

Below  0.1  GPa  for  CJ  isentrope,  WCA4  calcu¬ 
lations  can  be  less  accurate  because  the 
parameters  of  intermolecular  potentials  become 
less  valid:  each  component  is  fitted  on  1  lugoniot 
results  (P  >  0.1  GPa).  However,  it  does  not  seem 
necessary  to  consider  a  new  phenomenon  for 
detonation  products  such  as  ionization  because 
of  low  temperatures  (T  <  1800  K  at  P  <  1  GPa). 
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Fig  4  (J  i be nl rope  for  X2  composition 
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With  the  LDI  method,  it  is  difficult  to  be  sure 
that  the  rear  release  fan  (Fig.  1)  does  not  in¬ 
validate  the  low  pressure  zones;  however  this 
method  should  be  less  perturbed  by  the  reaction 
zone  and  can  obtain  several  experimental  points 
in  one  shot. 

4.  X2  Results 

X2  is  principally  made  of  HMX.  On  Fig.  4,  we 
plot  all  data  obtained  from  impedance  matching 
method  when  using  solid  or  liquid  material  and 
PA  argon.  We  can  see  the  influence  of  the 
various  improvements  of  PA  EOS  (i  to  iii)  and 
of  the  position  of  luminous  track  at  0  or  3  mm. 
The  P-u  analysis  appears  more  and  more 
energetic  when  we  consider  the  assumptions 
from  i  to  iii. 
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Fig.  5  CJ  isentrope  for  X2  composition 

Fig.  5  shows  the  data  found  from  LDI  method 
and  from  impedance  matching  method  when  us¬ 
ing  solids  or  liquids  or  ZJ  argon.  There  is  a  good 
continuity  between  experimental  data  reached 
from  solid  and  ZJ  argon.  The  distance  of  points 
at  0  and  3  mm  in  using  ZJ  argon  is  similar  with 
this  one  using  PA  argon.  The  LDI  results  are 
situated  on  two  experimental  isentropes  respec¬ 
tively  from  points  (P  =  41.8  GPa,  u  =  1900  m/s) 
and  (P  =57.0  GPa,  u=  1  i30  m/s)  which  are  not 
w--  v  far  from  the  CJ  point.  Above  2  GPa,  LDI 
results  agree  with  those  of  ZJ  EOS.  Below  0  5 
GPa,  LDI  results  would  not  be  significant 


because  of  the  release  fan  (Fig.  1). 

5.  T2  Results 

The  T2  explosive  is  a  high  carboned  explosive. 
Two  theoretical  WCA4  CJ  isentropes  are  drawn 
(Fig.  6)  with  assumptions  of  graphite  or  dia¬ 
mond  solid.  After  a  comparison  with  experimen¬ 
tal  Dqj  and  Pqj,  these  both  WCA4  simulations 
are  admitted  as  extreme  hypotheses  (10).  The 
experimental  curves  issued  from  PA  and  ZJ 
EOS  cross  over  about  2  GPa,  ZJ  being  more 
energetic  at  high  pressures.  LDI  results  are 
slightly  above  the  two  previous  series.  A  hump 
exists  between  solid  and  argon  points.  Below  2 
GPa,  diamond  WCA4  agrees  better  with  ex¬ 
perience.  The  CJ  isentrope  drawn  in  the  P-T 
Grover’s  diagram  of  carbon  (33)  goes  from  the 
metastable  graphite  zone  (or  diamond  zone)  to 
the  metastable  diamond  phase  (or  graphite 
zone)  when  pressure  decreases. 
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Fig.  6.  CJ  isentrope  for  T2  composition 

6.  Shape  of  f”(P)  and  G(P)  on  CJ  Isentrope 

If  we  simulate  locally  the  influence  of  detona¬ 
tion  products  with  a  perfect  gas  EOS,  f(V)  is 
very  useful.  Moreover,  a  Mie-Griineisen  EOS 
can  be  improved  by  including  G(V)  rather  than 
G  constant. 

HP)  and  G(P)  are  deduced  with  equations 
(A. 2)  and  (A. 3)  from  a  fitting  of  the  triplets  P, 
V,  T  along  CJ  isentrope.  For  X2  T2g  T2d,  CJ 
points  are  situated  beyond  the  maximum  (Fig. 
7)  of  HP).  For  large  volumes,  WCA4  EOS 


Fig.  7  and  8.  f (P)  and  G(P)  along  CJ  isentrope 

approaches  the  perfect  gas;  so  we  find  T  =  y  and 
f  =  G  4-  1.  The  CJ  point  of  X2  is  not  situated 
(Fig.  8)  in  the  same  place  than  T2g  and  T2d  on 
the  G(P). 

Jacobs  (3-1)  indicates  with  another  EOS  (later 
JCZ  EOS  (2)  )  that  in  decreasing  G  can  be 
associated  with  solidification  tendancy  of  the 
fluid  mixture.  Our  high  rjCJ  values  near  the  CJ 
point  (appendix  1)  confirm  this  idea. 

IV.  T2  SECOND  SHOCK  HUGONIOTS 

To  explore  the  EOS  surface,  several  second 
shock  Hugoniots  are  calculated  with  WCA4 
from  points  of  the  CJ  isentrope.  These  evalua¬ 
tions  are  made  with  T2  composition  in  assump¬ 
tions  of  graphite  or  diamond  for  carbon.  The  in¬ 
itial  points  are  CJ  point  and  points  with 
pressures  close  to  50  for  T2g  (40  for  T2d),  10, 
5,  0.5  GPa.  This  study  contributes  to  under¬ 
stand  the  supracompression  of  high  explosive 
detonation  products  (  (35}  for  example). 

In  Fig.  9,  the  higher  part  of  P-V  diagrams  are 
shown  for  T2g.  The  WCA4  second  shock 
Hugoniots  are  very  close  to  WCA4  CJ  isentrope 
when  initial  pressure  is  above  5  GPa;  only  the 
curve  of  0.5  GPa  origin  diveiges.  Because  of  the 
definition  equation  (A. 2)  of  V  and  the  very  nar¬ 
row  network  of  second  shock  Hugoniots,  f  have 
very  similar  values  to  those  on  Fig.  7.  For  the 
0.5  GPa  origin  curve,  HP)  is  lower  than  i"(P) 


calculated  along  CJ  isentrope. 

The  same  WCA4  results  are  shown  (Fig.  10) 
in  the  (P-u)  diagram.  The  set  of  curves  is  very 
tight,  but  the  0.5  GPa  origin  curve  is  very  below 
the  others. 

The  same  WCA4  second  shock  Hugoniots  are 
drawn  (Fig.  11)  in  the  T-P  diagram.  To  reach  a 
fixed  pressure,  we  verify  the  temperature  is  all 
the  higher  as  the  origin  is  lower.  We  must  be 
suspicious  of  the  validity  of  WCA4  beyond  6000 
K  because  of  the  fit  of  the  1  atm.  isobar  and 
beyond  60  GPa  because  of  carbon  EOS. 

The  shapes  of  G(P)  along  these  second 
Hugoniots  are  grouped  in  Fig.  12.  Because  of 
the  maximum  of  G,  we  can  conclude  that  as 
pressure  increases,  the  thermal  contribution  in 
WCA4  becomes  less  important  than  the  poten¬ 
tial  contribution.  The  same  remark  can  be  made 
on  CJ  isentrope  (Fig.  8). 

The  T2d  results  show  similar  shapes  for  all 
the  preceeding  curves. 

V.  EXPLORATION  OF  THE  REACTION 
ZONE 

To  give  orders  of  magnitude  in  the  reaction 
zone,  we  calculate  reactive  Hugoniots  with  only 
a  fraction  l  of  chemical  energy  laid  in  the 
Hugoniot  equation.  We  call  these  curves:  par¬ 
tially  reactive  Hugoniots.  To  be  consistent  with 
the  origin  on  the  energy  of  our  equation,  we 
define  the  chemical  energy  Ech  as  the  difference 
between  the  formation  energy  E0  of  initial  ex¬ 
plosive  and  the  energy  E^p  of  detonation  pro¬ 
ducts  at  (P  =  1  atm,  V  =  1  Iq0).  With  T2g,  we 
find;  Eo  =  _0.22635  MJ/kg, 

E£p  =  -5.2742  MJ/kg, 
thus  Ech  =  +  5.0479  MJ/kg. 

The  T2g  WCA4  partially  reactive  Hugoniots 
are  plotted  in  Fig.  13  for  the  various  chemical 
energy  rates  z  T.  A  CJ  point  can  be  determined 
as  in  Part  II  on  each  curve.  To  have  an  idea  in 
the  initiation  problems  of  detonation,  we  draw 
also  in  Fig.  13  the  experimental  results  obtain¬ 
ed  for  shocked  "undetonated”  solid  explosive; 
in  fact,  the  explosive  probably  partially  reacts. 
On  T2  composition,  measurements  give: 

D  »  1857  +  3.1  u  0<  P  «  5  GPa 

(manganin  gage) 

D  =  2118  F  2.305  u  9  <  P  <  25  GPa 

(corner  method  (36)  } 


Fig.  13.  Partially  reactive  and 
"inert”  Hugoniots 


Fig.  9,  10,  11.  12: - G7  isentrope;  2nd  Hugoniot  from  ~5Q  GPa  (1),  CJ  point  (2),  MO  GPa 

(3),  ~  5  GPa  (4),  ~0.5  GPa  (5) 


We  extrapolate  these  "inert”  Hugoniots, 
which  intersect  the  previous  network  of 
Hugoniots  (Fig.  13)  in  labeled  points  (A  to  E>. 
For  each  point,  thermodynamical  values  are 
grouped  in  Table  2;  the  notations  are  explained 
in  appendix  1. 

CONCLUSION 

The  present  paper  uses  very  extensively  our 
WCA4  EOS.  At  first,  C.J  points  are  evaluated 
for  a  large  set  of  partially  or  entirely  CHNO  ex¬ 
plosives.  Except  for  HNB,  we  obtain  a  good 
agreement  with  experiment;  HNB  will  be  prob¬ 
ably  well  evaluated  when  new  experimental 
C02  Hugoniot  data  will  be  available.  Then,  we 
study  CJ  isentropes  of  two  compositions  of  our 
laboratory  X2  (near  HMX)  and  T2  (near  TATB). 
Two  measurement  methods  (impedance  match¬ 


ing  velocity  of  a  thin  flyer  obtained  with  LDI) 
give  complementary  results  to  know  the  CJ  isen¬ 
trope;  there  is  a  large  sensibility  of  the  points 
analysis  with  the  choice  of  an  argon  EOS  as 
reference  material;  WCA4  isentrope  passes 
through  experimental  points.  Theoretical  WCA4 
second  shock  Hugoniots  from  points  on  CJ  isen¬ 
trope  stay  in  a  close  vicinity  of  this  curve  in  (P- 
V)  and  (P-u)  diagrams  except  if  origin  point  is 
below  l  GPa.  An  evaluation  of  thermody¬ 
namical  values  is  given  in  the  reaction  zone  with 
our  EOS. 
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TABLE  2 

Simulation  of  values  in  reaction  zone  with  WCA4  EOS  for  T2  composition 

(T2g  hypothesis ) 


Point 
(Fig.  13) 

CJ 

T— 1 

CJ 

r=0.75 

CJ 

t=0.50 

CJ 

t=0.25 

A 

t=0.25 

B 

t=0.50 

C 

r=0.75 

D 

E 

T=1 

P  (kbar) 

290 

257 

222 

179 

245 

300 

345 

370 

390 

D  (m/s) 

7935 

7542 

7103 

6537 

6688 

7262 

7703 

8117 

U  (m/s) 

1982 

1844 

1690 

1485 

1983 

2236 

2424 

2600 

r 

3.007 

3.085 

3.194 

3.381 

2.894 

2.807 

2.775 

2.775 

Q  (g/cm3) 

2.462 

2.445 

2.424 

2.391 

2.626 

2.669 

2.696 

2.703 

2.718 

T  (K) 

3088 

2421 

1735 

970 

1137 

1943 

2669 

3134 

3434 

Cv  (kJ/kg/K) 

2.13 

2.27 

2.09 

1.77 

2.28 

2.10 

2.03 

y 

1.149 

1.114 

1.104 

1.113 

1.129 

1.151 

1.169 

Np  (moles/kg) 

29.3 

29.0 

28.9 

28.9 

28.9 

28.9 

28.9 

29.1 

29.2 

Nc  (moles/kg) 

18.4 

18.9 

19.1 

19.2 

19.2 

19  1 

18.9 

18.6 

18.4 

ZF 

13.1 

14.9 

18.1 

26.3 

27.8 

19.7 

16.4 

15.0 

14.3 

n 

0.574 

0.596 

0.627 

0.681 

0.698 

0.649 

0.620 

0.605 

0.598 

Q* 

2.965 

2.930 

2.909 

2.882 

3.183 

3.215 

3.237 

3.247 

3.270 

Cs  (m/s) 

5956 

5693 

5405 

5037 

5703 

5993 

6164 

6309 

CT  (m/s) 

5554 

5397 

5153 

4787 

5648 

5771 

5841 

U  +  Cs  (m/s) 

7938 

7537 

7096 

6522 

7939 

8417 

8909 

G 

0.826. 

0.765 

0.846 

'..171 

0.913 

0.806 

0.857 

0.898 
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ncj  = 


n  £N:d$  =  packing  fraction 
6Vf  1 


j 


IN:  O? 

•  1  {j 

—  -  reduced  density 
VF 


T-f  =  reduced  temperature  for  species  i 
~kT 

Zp  =  compressibility  factor  of  the  fluid 

phase  =  P  *  Xf 
Nf  kT 

CP  (  3ftiP/afnV)s  (A.l) 

y  ~  C^  ~  (  3mP/3(hV  )x 


T  —  polytropic  gamma  = 


dfnP  v 
dfnV  is 


(A.2) 


G  =  Griineisen  coefficient 

=  v  _ajp\  =  _  aihr  \ 

aE^V  3toV  )  s 


(A.3) 


APPENDIX  1:  X2  and  T2  Compositions 

Initial  data  introduced  in  ETARC  code  to 
realize  calculations  are  given  in  Table  Al. 

X2  and  T2  are  respectively  HMX/binder/94/6 
and  TATB/binder/97/3  compositions. 

The  WCA4  results  at  the  CJ  point  are 
grouped  in  Tables  A2.  Only  T2  is  studied  with 
graphite  (T2g)  or  diamond  (T2d)  in  the  solid 
phase. 

More  explanations  are  given  in  (4)  for  nota¬ 
tions.  Let: 

(o^tjjO,,)  be  the  EXP-6  potential  parameters  be¬ 
tween  two  species  i-i. 

dn,  the  WCA  diameter  between  two  species  i-i, 

N,,  the  number  of  moles  of  species  i, 

Np.  the  number  of  moies  for  the  fluid  phase, 

Nf,  the  number  of  moles  of  solid  carbon 

Nt,  the  total  number  of  moles  of  all 
components 

VF,  the  volume  of  the  fluid  phase  (i.e.  Vp  = 

^  total  ^  solid  carbon^ 

then: 


C§  =  (adiabatic  sound  velocity)2  =  V2  3  P  ^ 

3V  's 

Ct  —  (isotherm  sound  velocity)2  -  V2 
1  3V  /T 


TABLE  Al 

Data  far  WCA4  Calculations 


Explosive 

X2 

T2 

Global 

formula 

CM,95l,27‘92N25-82®26'M 

C2rt61!24'67N22'S6022  876 

Initial 
density 
q0  (g/cm3) 

1.835 

1.847 

Combustion 
energy  in 
oxygen 
(cal/gl 

2420 

-V3000 

Formation 

energy 

K0  (J/Kg) 

+  064619  106 

-0.22635  108 

760 


TABLE  A2 
CJ  WCA4  Results 


Explosive 

(g^/cm3) 

PCJ 

(GPa) 

DCJ 

(mis) 

rCJ 

TCJ 

(K) 

zF 

1CJ 

<?*CJ 

HI 

X2  I  X2g 
(1.835) 

37.29 

8874 

2.875 

4105 

12.05 

0.563 

3.140 

0.159 

T2g 

(1.847) 

29.02 

7935 

3.008 

3087 

13.10 

0.574 

2.964 

0.385 

T2d 

(1.847) 

24.91 

7630 

3.318 

2945 

12.36 

0.561 

2.820 

0.390 

TABLE  A3 

* measurement  on  a  cylinder  050  H200  mm 


Experimental 

mgm 

DCJ 

Pcj 

data 

(m/s) 

(GPa) 

X2 

1.835 

8778 

36.5  <  Pqj  <  38.5 

T2 

1.847 

7583  * 

p  ~  28.8  ±  10 

TGI 


THE  EQUATIONS  OF  STATE  OF  DETONATION  PRODUCTS 
AND  THEIR  INCORPORATION  INTO  THE  QUATUOR  CODE 


0.  Heuz£,  P.  Bauer,  H.  N.  Presles,  C.  Brochet 
Laboratoire  d’Energdtique  et  de  D&onique 
Poitiers,  France 


A  thermochemicnl  code  (QUATUOR)  was  built  to  predict  the  main 
detonation  characteristics  of  a  wide  range  of  explosives.  A  general 
subroutine  allows  to  insert  any  equation  of  state  (E.o.S.).  The  detona¬ 
tion  velocities  computed  on  the  basis  of  seven  different  E.o.S.  were 
compared  to  experimental  ones  available  in  the  field  of  gaseous  explo¬ 
sive  mixtures  at  a  high  initial  pressure.  The  virial  E.o.S.  yields  results 
in  good  agreement  with  experimental  ones  but  are  expected  to  lead  to 
large  deviations  when  increasing  the  pressure.  Empirical  E.o.S.  used 
with  condensed  explosives  lead  to  good  agreement  provided  their  coef¬ 
ficients  are  properly  adjusted.  The  JCZ3  E.o.S.  seems  to  be  at  now  the 
sole  able  one  to  describe  the  properties  of  detomtion  products  of  various 
explosives  such  as  gaseous  mixtures  or  condensed  ones. 


INTRODUCTION 

Among  the  classical  equations  which  are  used 
to  describe  the  thermodynamic  behavior  of  a 
detonation  front,  the  only  one  which  is,  so  far, 
most  discussed  is  the  equation  of  state  (E.o.S.). 
In  the  lower  field  of  pressures  -  i.e.  from  several 
tens  of  bars  to  a  hundred  bars  -•  the  problem 
seems  to  be  solved  and  some  thermochemical 
codes  are  available  (1,  2)  to  calculate  the  Chap¬ 
man  -  Jouguet  (CJ)  detonation  characteristics  of 
these  "low  explosives”,  In  this  particular  case,  the 
ideal  gas  E.o.S.  can  obviously  be  used. 

In  the  range  of  high  explosives  yielding  detona¬ 
tion  products  at  a  pressure  higher  than  a  hundred 
kilobars,  the  problem  appears  in  a  more  complex 
form.  Severed  thermochemical  codes  have  been 
built,  either  based  on  empirical  E.o.S.  such  as 
B.K.VV.  (3),  (4),  (5),  Kamlet  &  Jacobs  E.o.S.  (6)  or 
on  more  sophisticated  E.o.S.  based  on  inter- 
molecular  considerations  (7,  8,  9,  10).  Actually,  it 
appears  that  in  this  particular  field  of  explosives, 
KHT  E.o.S.  (11)  as  well  as  JCZ3  E.o.S.  (12)  lead 
to  results  that  are  in  good  agreement  with  the 
experimental  detonation  properties.  In  the  medi¬ 
um  range  of  detonation  pressures  -  i  e.  from 
several  hundred  bars  to  several  kilobars  -  a 


lack  of  knowledge  on  the  appropriate  E.o.S. 
remains.  Although  several  E.o.S.  had  been 
checked  for  calculation  of  detonation  properties 
in  gaseous  C-H-O-N  explosives  at  initial  pressures 
up  to  50  bars  (13,  14,  15),  it  seemed  necessary  to 
point  out  which  was  the  range  of  validity  of  the 
main  E.o.S.  used  in  the  field  of  high  explosives. 
Therefore  a  thermochemicai  code  was  built.  It 
allows  to  insert  any  E.o.S.  In  the  present  study, 
the  results  obtained  with  this  code  named 
QUATUOR  are  proposed  on  the  basis  of  seven 
different  E.o.S.  These  results  are  compared  with 
experimental  ones  concerning  gaseous  explosives 
at  a  high  initial  pressure.  But.  so  far,  the  only  ex¬ 
perimental  values  that  are  available  are  those 
related  to  the  detonation  velocity.  These  data 
were  obtained  in  previous  studies  (13,  14,  16). 

THERMODYNAMIC  BACKGROUND  AND 
DESCRIPTION  OF  THE  QUATUOR  CODE 

This  code  runs  on  a  HP  45  microcomputer  and 
solves  the  hydrodynamic  equations  of  the  detona¬ 
tion  front  at  the  CJ  point.  Let  the  E.o.S.  be 
presented  in  the  form  of: 

PV  =  o(V.  T.  X,)  (1) 

nRT 
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where  p,  V,  T  are  respectively  the  pressure, 
volume,  temperature  of  the  products,  X;  and  n 
being  the  molar  fraction  of  the  specie  i  and  the 
total  number  of  moles  of  products  respective¬ 
ly.  The  isen tropic  slope  (3p/3V)s  and  the 
deviation  from  the  ideal  gas  of  the  enthalpy  AH 
and  chemical  potential  A/^j  of  specie  i  can  be  ex¬ 
pressed  in  terms  of  the  partial  derivatives  of  o: 


oT  =  a°  ) 

(2) 

„  -  do  \ 

V  3Ln  V  T-X‘ 

(3) 

°,=  ,3“) 

a  Ai V.T.X^X, 

(4) 

Thus: 

AH  =  il  RT  (oT  +  ov)  ^ 

(5) 

|-R.)S  =  -  YnRT  (o  -  ov) 

3  V  &  v 

(6) 

-~-n  =  1  +  °i>y  -  L"  0(7) 

Eq.  (5)  is  derived  from  statistical  ther¬ 
modynamics  (see  Appendix  I).  whereas  Eq.  (6) 
(see  Appendix  1 1)  and  (7)  (see  Appendix  1 1 1)  are 
obtained  from  classical  thermodynamic  laws. 

Y  is  the  ratio  Cp/Cv  in  equilibrium  conditions 
while  the  thermodynamic  functions  of  the  ideal 
gas  are  calculated  using  the  polynomial  develop¬ 
ments  proposed  by  Gordon  &  McBride  (2). 

The  values  of  o,  oT,  ov  and  ot  are  calculated 
within  a  run  of  the  code,  using  specific  subrou¬ 
tines  depending  upon  the  E.o.S.  that  is  involved. 

The  iterative  process  includes  a  chemical  equi¬ 
librium  calculation  whose  details  are  described 
elsewhere  (17,  18).  The  folio wing  species  are  taken 
into  account  in  the  calculation:  C02,  CO,  H20, 
N2,  H2,  02,  NO,  OH,  H,  0,  N,  C1I4,  NH3  and 
solid  carbon  C(S).  1  lowever,  any  new  specie  may 
be  added  if  it  is  in  such  amount  that  it  cannot 
be  neglected.  The  corresponding  molecular  param¬ 
eters  of  the  species  are  listed  in  Table  I.  Instead 
of  minimizing  the  value  of  the  detonation  veloci¬ 
ty  D  along  the  Hugouiot  curve  as  it  is  mainly 
done  in  other  code  (3),  the  QUATUOR  code  runs 
until  the  following  relation  is  achieved: 


Q0  being  the  initital  density  of  the  mixture.  This 
yields  the  detonation  characteristics  at  the  CJ 
point  and  appears  to  converge  faster. 


TABLE  I 


— 

BKW 

Bofcinus 

BKW 

PY 

c-s 

KHT 

JCZ3 

la) 

(b) 

10 

Id) 

Id) 

(e) 

If) 

(0 

B, 

B, 

r* 

t  /k 

r\ 

X* 

e/k 

V 

cmVmole) 

cm'/mole) 

(A) 

iki 

(A) 

IK) 

(A) 

co2 

600 

58  7 

4.076 

205 

3.81 

14 

200 

4,20 

CO 

390 

35  1 

3.788 

100 

3.7 

9.8 

120 

4.05 

ll20 

250 

8,9 

3.258 

500 

2,9 

6.1 

138 

3.35 

N2 

380 

33,2 

3.715 

91.5 

3.66 

98 

120 

4.05 

»2 

80 

14,8 

2.67 

33 

2.95 

2.9 

37 

3.34 

°2 

350 

30,4 

3,5 

113 

3.5 

9,2 

132 

3,73 

NO 

386 

21.0 

3.41 

120 

3.4 

9 

:05 

3.97 

OH 

413 

4.214 

175 

3.8 

5,65 

a 

76 

7 

3.5 

7  SO 

2.1 

1  25 

N 

148 

2G 

3.5 

9.B 

0 

120 

85 

3.5 

9 

cn4 

528 

3.5 

1.) 

154 

4.29 

NIC, 

476 

3,52 

9.1 

138 

3.55 

at  Mador  C  L  -  Numerical  Modeling  of  detonations  (University  of 
California,  Ixw  Angeles  19791 

b)  Pujol,  Y  Munson,  N  “Calcul.compte  tenu  du  second  coefficient 

de  vine!"  C  K  Acad  Sc  Pans,  t  '262,  pp  582-586  (1966) 

c)  Kef  .8  -  (rt  ts  taken  equal  to  3.5  A  for  components  whose  valuo 

docs  not  appear  in  thr  reference) 

d)  ref  2*2. 

el  Hef  U  -  Uf  expressed  in  (cro^  (105Jr3j) 

f»  f-  inger  M  '  The  effect  of  elemental  composition  on  the  detonation 

behavior  of  explosives.”  6th  Symposium  (International) 
on  Detonation  ACU-221  ONK  (1976).  pp  710-722 


EQUATIONS  OF  STATE  USED  IN  THE 
QUATUOR  CODE 

Ideal  Gas  E.o.S. 

This  E.o.S.  obviously  leads  to  very  simple 
calculations  as  o  =  1  in  that  case.  Although  it 
can  be  considered  as  baseless  in  the  field  of 
pressures  which  are  dealt  within  the  present 
work,  it  has  been  kept  as  a  reference  to  show 
the  deviation  with  other  E.o.S.  and  more  par¬ 
ticularly  with  experimental  results. 

B.KAV.  E.o.S. 

This  well  known  E.o.S.  has  been  largely  used 
and  described  by  Mader  (3).  The  general  expres¬ 
sion  is: 

o  =  1  +  X  exp  (/}X) 


(9) 


where 


X  = 


K  IxiBi 

V(T  +  Q)a 


(10) 


[},  k,  0,  a  are  semi-empirical  constants  to  be  ad¬ 
justed  whereas  B;  is  the  covolume  of  specie  i. 

This  E.o.S.  gives  useful  results  in  the  field  of 
high  explosives  (3).  Although  the  empirical 
parameters  were  thoroughly  studied,  the  agree¬ 
ment  with  experimental  results  was  not  very 
satisfactory  in  this  medium  range  of  density 
(13),  until  the  appropriate  molecular  parameters 
were  chosen  (15). 

Boltzmann  (B)  E.o.S. 

This  E.o.S.  is  based  on  the  virial  development 
(19,  20): 


O  =  1  +  x  +  0.625  x2  +  0.287  x3  +  0.193  x4 

(ID 


where  x  is  calculated  according  to  the  Corner 
method  (21): 


x  = 


y  xiBi 
«  V 


(12) 


Bj  is  the  covolume  of  specie  i. 

In  other  words,  the  mixing  rule  is  based  on  the 
assumption  that  only  like  molecules  interact. 

Carnahan  and  Starling  (CS)  E.o.S. 

In  that  case: 

O  =  L+x±jc1  -  y3  (13) 

(1  -  y)3 

y  is  derived  from  the  Kowlinson  relation  (22)  as 
a  function  of  the  reduced  temperature  T*  = 
kT/£* 

y  =  B(T*)  N  n  r«/V  (14) 

where 


by  Parlin  &  Giddings  (14).  A(T*)  is  a  polynomial 
development  (14),  r*  and  £*  are  derived  from  the 


following  interaction  laws: 

r*  =  Ml  l  XjXjrf?)1'3 

(16) 

£*  =  Z  S  X,Xj£ij  rf  j  no 

(17) 

A  is  an  adjustable  constant,  X;,  Xj  being  the 
molar  fractions  of  species  i  and  j.  The  combina¬ 
tion  rules  for  rfj  and  £;j  are  expressed  as: 

r.  =  l±i? 

IJ  2 

(18) 

£jj  =  (£j  £j)’/l 

(19) 

These  values  are  listed  in  Table  I. 

Percus  Yevick  (PY)  E.o.S. 

This  E.o.S.  has  a  quite  similar  form  to  the  (CS) 
E.o.S.: 

p  1  +  z  +  z2 
(1  -  z)3 

(20) 

Since  it  can  be  considered  as  a  summation  of 
a  virial  development. 

However,  z  is  expressed  as  follows: 

z  _  n  r*3  N  n 

6  V 

(21) 

The  interaction  laws  between  the  molecular 
diameters  rfhre  the  same  as  in  Eq.  (16)  and  (18). 

The  main  difference  with  the  CS  E.o.S.  lies  in 
the  interaction  energy,  which  does  not  appear 
in  the  virial  development. 

Kihara-Hikita-Tanaka  (KHT)  E.o.S. 

This  E.o.S.  is  described  by  the  following 
expression  (11,  23): 

0  =  1  4-  ax  +  bx2  +  cx3  +  dx4  +  ex5  ^2) 


B(T*)  =  (T*)  3,0  (1  +  A(T*>)3  (15) 

6  a 

k,  N,  n  are  respectively  the  Boltzmann  constant, 
the  Avogadro  number,  and  the  total  number  of 
moles  in  the  mixture,  a  is  the  repulsive  poten¬ 
tial  exponent  which  can  be  taken  equal  to  12  for 
example  but  can  have  another  value  as  suggested 


with: 


xi  Ai  J_ 
W7  V 


(23) 


where  a,  b,  c,  d,  e,  f  are  constants  (see  Table  II), 
A,  is  a  molecular  constant  for  specie  i  (see  Table 
I)  and  a  is  the  exponent  involved  in  the 
repulsive  potential  (a  =  9). 


TABLE  II 


BKW  (RDX  Parameters) 

BKW  (This  work) 

a 

0,5 

0,25 

p 

0,16 

0,625 

X 

10.909 

7,91 

e 

400 

400 

KHT 


a 

9 

a 

-1,8523 

b 

40,245 

c 

-235,06 

d 

661,49 

e 

-670,48 

f 

1,85 

ao 

-0,165 

al 

-0,307 

a2 

39,676 

a3 

-161,66 

a4 

362,42 

C.S. 

P.Y. 

A 

0,88 

0,475 

a 

12 

/ 

JCZ3  E.o.S. 

The  Jacobs  E.o.S.  (9)  proposed  for  pure  gases 
has  been  extended  for  mixtures  by  Cowperthwaite 
and  Zivisier  (24).  It  is  expressed  as  a  sum  of  two 
terms: 

o  =  G(V,  T,  x;)  +  (24) 

nRT 

which  reduces  to  a  virial  expansion  at  low  densi¬ 
ty  and  approaches,  at  high  density,  the  value 
determined  by  the  repulsive  potential: 

£(r)  =  5?  exp  [Z(l  -  r/r*)]  (25) 

For  all  the  E.o.S.  that  have  just  been  expressed, 
the  corresponding  analytical  expressions  of  Op,  ov 
and  Afij  are  presented  in  Table  III.  A  more  detail¬ 
ed  explanation  of  JCZ3  E.o.S.  should  be  obtained 
in  ref.  (24). 

RESULTS  AND  DISCUSSION 

The  results  of  a  calculation  based  on  the 
preceding  equations  of  state  performed  with  the 
QUATUOR  code  is  presented  here  for  a  slightly 
rich  C2H4-air  mixture  at  initial  pressures  ranging 
from  5  bars  to  100  bars  (see  Fig.  1). 

An  obvious  discrepancy  may  be  observed  be¬ 
tween  either  the  results  based  on  the  ideal  gas 
E.o.S.  or  on  the  BKW  E.o.S.  with  the  parameters 
fitted  for  high  explosives,  and  the  experimental 
results.  Of  course,  the  comparison  only  holds  for 


TABLE  III 


E.o.S. 

0 

°v 

°T 

Apr, 

— (V,T) 

RT 

Ideal  Gas 

1 

0 

0 

0 

BKW 

x-  «B 

DX«p  tfiXt 

XII  tflXlexp  (0X1 

— 

tiSE.'  -  1  ,  .  „ 

vrr  *  ft* 

Sal 

0  !>' 

Bottuusa 

1  V 

I4j.0  626x24O  W7iJt0.l93l' 

X  O lx) 

0 

i1  xs  x*  B, 

x  1  0.626 —  4  0.267—  1  0.193—  4  —  lo  -  11 

2  3  4  B 

P«rm$  Yevick 

2n  nN  r*J 

1  4Z.Z2 

Z  IZ  1  21* 

0 

3  4  V 

.1  z.r 

II  z>* 

u"  at2ii-a,‘  j  4,0-nr., 

Carnahan  Starling 

_n  N  B(T)r* 
V 

itp/'-r1 

2y(2  +  2y  y2l 

AIT)  . 

2  3+(0. 1M3  1  ,  1 

U  ~yi* 

II  H* 

a  1  *  AfTVo 

11  yf  1  y  a  t  OX,  r*3  OX, 

JC'Z  3 

l*Ln  *fg  +  fs# 

,  v—  _L~— * 

3v  nirr  3v 

,  v!  i%  ,a-’i 

i  „ - ;,v  — 5 

oRT  3  V1  JV* 

nRT  3  V  3T3V 

!  d¥'o  ,  .  31 

RT  0i\  On, 

KHT 

A  w  1 

x*t - 1 

I*V  \ 

1  4 <u  Mu2  ♦ex* t  dx4  *ex' 

l  fx 

a  x  o  U>  o 

aot 3uj  (xj 

3 

—  10  li 

a,x*  xji3  xj2 

—  4 —  i  —  *  s, x  4  Xyl-ril  -fx)  4  i.  11  i_r* 

4  3  2  1 

(•>  see  nt  «4> 
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initial  pressures  higher  than  10  bars.  Otherwise 
the  low  deviation  between  ideal  behavior  of  the 
products  and  the  real  one  doesn’t  allow  to  check 
the  validity  of  any  E.o.S..  Apart  from  these  par¬ 
ticular  E.o.S.  the  other  results  are  fairly  close. 

The  JCZ3  E.o.S.  leads  to  an  excellent  agreement 
with  experimental  values  for  initial  pressures  rang¬ 
ing  from  several  bars  to  50  bars.  This  agreement 
remains  very  good  at  higher  initial  pressures  (less 
than  1%  at  100  bars). 

A  good  agreement  has  been  obtained  with  the 
B.K.W.  E.o.S.  once  the  parameters  were  adjusted 
to  fit  the  experimental  results,  but  provided  the 
covolumes  were  changed  as  weli.  It  can  be  ob¬ 
served  in  Table  I,  that  these  covolumes  are 
drastically  different  from  those  used  in  the  case 
of  high  explosives. 

The  results  obtained  on  the  basis  of  the 
Boltzmann  E.o.S.  have  already  been  presented 
elsewhere  (26)  and  appear  to  be  in  a  quite  good 
agreement  with  experimental  ones.  This  conclusion 
is  quite  satisfactory  owing  to  the  simplicity  of  the 
calculation. 


In  a  previous  work,  the  CS  E.o.S.  parameters 
had  been  chosen  in  order  to  lead  to  a  good 
compatibility  with  experimental  conditions  (15). 
These  parameters  are  recalled  in  Table  I. 
Moreover,  here,  an  adjustable  parameter  (A)  was 
inserted  in  the  relation  describing  the  mixing  rule 
-  i.e.  Eq.  (16).  This  parameter  was  adjusted  as  sug¬ 
gested  by  Edwards  and  Chaiken  (8).  Thus, 
calculated  values  are  in  good  agreement  with  ex¬ 
perimental  ones.  This  parameter  may  be  con¬ 
sidered  as  a  .semi  empirical  mean  for  combining 
the  molecular  sizes  in  the  case  of  mixtures,  as  long 
as  the  combining  laws  have  never  been  confirmed 
accurately  by  experimental  results.  In  other  words 
the  mixing  rules  are  not,  so  far,  unambiguously 
defined.  The  value  A  =  0.88  appeared  to  fit  quite 
well  the  experimental  results.  The  same  agreement 
has  been  obtained  with  PY  E.o.S.  but  taking  A  = 
0.475.  This  latter  value  is  not  far  from  the  one  pro¬ 
posed  by  Edwards  and  Chaiken  (8)  in  the  case  of 
high  explosives.  The  present  value  is,  however,  a 
bit  higher  (roughly  10%)  and  this  might  be  ex¬ 
plained  by  the  fact  that  this  parameter  has  an  in¬ 
creasing  value  as  the  density  decreases,  due  to  an 
increasing  diameter  of  the  rigid  spheres. 
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Fig  I  Detonation  velocity  vs.  initial  pressure 


The  results  obtained  with  the  K.H.T.  E.o.S. 
calculation  are  close  to  the  experimental  ones 
as  well.  However,  the  profile  of  the  curve  is 
utterly  different  from  the  experimental  one.  This 
former  profile  is  very  similar  to  that  obtained 
in  the  case  of  high  explosives  with  various  pro¬ 
portions  of  additives  (25). 

SUMMARY  AND  CONCLUSION 

A  new  thermochemical  code  is  presented  in 
this  work.  Its  main  purpose  is  to  provide  data 
on  the  thermodynamic  properties  of  the  detona¬ 
tion  products  for  gaseous  explosives  at  a  high 
initial  pressure  (up  to  100  bars).  The  code  is 
based  on  thermodynamic  relations  which  allow 
the  use  of  several  E.o.S.  The  seven  following 
ones  were  presented  in  this  paper: 

(i)  the  ideal  gas  E.o.S. 

(ii)  an  empirical  one  (B.K.W.), 

(iii)  a  simple  one  based  on  the  assumption  of 
simple  molecular  interactions  (B), 

(iv)  two  others  (CS,  PY)  based  on  an  improved 
model  for  rigid  spheres  and  ponderated  with  an 
adjustable  coefficient  which  is  supposed  to  give 
a  more  suitable  formulation  of  the  interaction 
rules  used  to  correlate  the  molecular  diameters 
in  the  case  of  mixtures, 

(v)  two  sophisticated  ones  based  on  complex 
considerations  of  molecular  interactions  (KHT, 
JCZ3). 

The  calculated  values  of  detonation  velocities 
were  compared  to  available  experimental  data. 

It  appears  that  the  empirical  B.K.W.  E.o.S. 
yields  results  that  are  in  good  agreement  with 
experiments,  provided  its  coefficients  together 
with  the  covolumes  we  re  properly  adjusted. 

The  (B)  E.o.S.  which,  Jn  some  way.  describes 
a  behavior  of  ideal  mixta:  r  yields  results  with 
a  deviation  from  the  expen  nental  values  lesser 
than  3%,  even  at  such  high  initial  pressures  as 
100  bars.  The  other  results  are  even  closer  from 
experiments,  more  particularly  in  the  case  of  the 
CS  and  PY  E.o.S.  where  an  adjustable  param¬ 
eter  was  chosen  in  order  to  fit  the  experimen¬ 
tal  data.  In  the  PY  E.o.S.,  this  parameter  takes 
a  value  quite  close  to  the  one  used  in  the  case 
of  high  explosives  at  a  low  initial  density. 

The  profile  of  the  curve  obtained  with  the 
KHT  E.o.S.  is  different  from  the  experimental 


one,  although  the  values  are  in  a  quite  good 
agreement  (discrepancy  lesser  than  2%). 

The  main  result  of  this  work  is  that  the  JCZ3 
E.o.S.  is  the  only  one  capable  of  describing  the 
properties  of  the  detonation  products  of  high 
explosives  and  gaseous  explosive  mixtures  at 
a  high  pressure  on  the  basis  of  the  same 
assumptions. 

APPENDIX  I 

Let’s  recall  the  main  relations  derived  from 
the  statistical  thermodynamics  which  led  to  Eq. 
(5).  From  the  Helmoltz  free  energy: 

F  =  -nRT  Ln  Z 

where  Z  is  the  partition  function.  Pressure  and 
enthalpy  can  be  expressed  straightforward 
through  the  following  relations: 


3Fv 

p  =  -  av'T 


H  = 

RT  [ 

„3  Ln  Z) 

T~wh 

+  v3 

Hence: 

a  = 

_£V_ 

nRT 

=  va,Ln 

v  3V 

3  LnZ\ 

3  Ln  V  'T 

and: 

3Hi  _ 

RT 

3  )  [3 

LnZ) 

+  3  Ln  Z 

aviT 

V  a 

Ln  V  1  *■  3 

LnT  V 

3  Ln  V 

|H)t  =  MW  +  ov) 


APPENDIX  II 

The  well  known  Heech’s  formula- 


together  with  the  following  expressions  for  o,  ov: 
„  _  PV  .  „  _  do 


nRT 


n  =  1 

v  3LnV'T-*i 


(11*2) 


yield: 


Tv  It  “  "  T? (0  ~  °V> 


(H.3) 
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Thus, 


Hence: 


--ff-ls^frC0-0*)  IIL4> 

APPENDIX  III 

S  =  s°m  +  jJ,,-ff4rdv  BIU) 


Maxwell  formulation  yields 


as  \  =  api 

gy/T  gq'lV 


,  then 


=  _ 1_  9(AF)\ 

RT  RT  aXj  <v,T 
=  fv*(0  -  l)dV  ■  fv*  do  dv 

Jv  v  Jv  v 

=  fy*(0-  1+0;)^  (III-10) 

M(p,T)  =  A^(V,T)  _  Tai  ^ 

RT  RT 

=  fj*  (a-  1  +  Of)  $¥  -  La  o  (III.ll) 


S  =  S°(TH-J^||)vdV  (III-2* 

u  =  u°m  +  dv  (111.3) 

|aiT  =  -  p  +  t  |£|v  ini-41 

U  =  U°(TI  + jin’ll -P)dV  (I1I.5) 

f  =  u  -  ts  =  u“m  +  ^rr||  -  W  - 
TS°m  ”  C  T  | |lv  dv  (HI-61 

=  F°m  +  r Pdv  “  F°,T> +  RT  Sy’°  Y 

(111.71 

In  the  case  of  mixtures,  the  term:  RT  Z  Xj  Ln 
Xj  must  be  added.  Thus:  ‘ 

F  =  F°(T)  -  RT  Ln  (X)  +  RT  ZXj  Ln  Xj 


The  deviation  from  the  ideal  gas  becomes: 


REFERENCES 

1.  C.  Johnson,  “Contribution  a  l’6tude  des  deto¬ 
nations  dans  les  Mfelanges  gazeux,”  These  de 
Doctorat  d’Etat,  University  de  Poitiers, 
Poitiers,  France  (1968). 

2.  S.  Gordon,  B.  J.  McBride,  “Computer  pro¬ 
gram  for  calculation  of  complex  chemical 
equilibrium  compositions,  rocket  performance, 
incident  and  reflected  shocks  and  Chapman- 
Jouguet  detonations,”  Report  NASA  SP-273 
(1971). 

3.  C.  L.  Mader,  “Fortran  B.  K.  W.:  a  code  for 
computing  the  detonation  properties  of  explo¬ 
sives,"  Los  Alamos  Scientific  Laboratory, 
Report  LA-3704  (1967). 

4.  R.  ChGrot,  “Contribution  it  l’^tude  nu- 
mdrique  des  produits  de  detonation  d’une 
substance  explosive,"  Rapport  CEA- 
R-4122  (1971). 

5.  H.  B.  Levine,  R.  E.  Sharpies,  “Operators 
manual  of  RUBY,”  Lawrence  Livermore 
Laboratory,  Report  UCRL,  6815  (1962). 

6.  M.  J.  Kamlet-S.  J.  Jacobs  -  I:  J.  Chem. 
Phys.  48,  23  (1968). 

M.  J.  Kamlet-J.  E.  Ablard  •  II:  J.  Chem. 
Phys.  48,  36  (1968). 

M.  J.  Kamlet-C.  Dickinson  -  III:  J.  Chem. 
Phys.  48,  43  (1968). 

M.  J.  Kamlet-H.  Hurwitz  -  IV:  J.  Chem. 
Phys.  48,  3685  (1968). 


7.  N.  F.  Carnahan,  K.  E.  Starling,  “Equation 
(III.9)  of  state  for  non  attracting  rigid  spheres,” 

J.  Chem.  Phys.  31,  635  (1969). 


768 


8.  J.  C.  Edwards,  R.  F.  Chaiken,  “Detonation 
calculations  with  a  Percus-Yevick  equation 
of  state,”  Combustion  and  Flame  22,  269 
(1974). 

9.  S.  J.  Jacobs,  “On  the  equation  of  state  for 
detonation  products  at  high  density,”  12th 
Symposium  (International)  on  Combustion, 
p.  501,  The  Combustion  Institute,  Pitt¬ 
sburgh,  (1969). 

10.  W.  Fickett,  “Detonation  properties  of  con¬ 
densed  explosives  calculated  with  an  equation 
of  state  based  on  intermolecular  potentials,” 
Los  Alamos,  Report  LA-2712  (1962). 

11.  K.  Tanaka,  “Detonation  properties  of  con¬ 
densed  explosives  computed  using  the 
Kihara-Hikita-Tanaka  equation  of  state,” 
Report  from  National  Chemical  Laboratory 
for  Industry,  Ibaraki,  Japan  (1983). 

12.  Y.  Kato,  P.  Bauer,  C.  Brochet,  R.  Bourian- 
nes,  “Brightness  temperature  of  detonation 
wave  in  nitromethane  -  tetranitromethane 
mixtures  and  in  gaseous  mixtures  at  a  hi^h 
initial  pressure,”  7th  Symposium  on  Deto¬ 
nation,  Annapolis,  pp.  403-408  (1981). 

13.  P.  Bauer,  S.  Krishnon,  C.  Brochet,  “Detona¬ 
tion  characteristics  of  gaseous  ethylene, 
oxygen  and  nitrogen  mixtures  at  high  ini¬ 
tial  pressures,"  AIAA,  Progress  in  Astro¬ 
nautics  and  Aeronautics,  75,  pp.  408-422 
(1981). 

14.  P.  Bauer,  C.  Brochet,  “Properties  of  detona¬ 
tion  waves  in  hydrocarbon  -  oxygen  -  nitro¬ 
gen  mixtures  at  high  initial  pressures,” 
AIAA,  Progress  in  Astronautics  and  Aero¬ 
nautics,  87,  r.  331  (1983). 

15.  P.  Bauer,  C.  urochet,  O.  Heuz4  H.N.  Presles, 
"Equation  of  state  for  dense  gases,"  Arch. 
Comb.,  5,  pp.  35-45  (1985), 

16.  P.  Bauer,  C.  Brochet,  H.  N.  Presles,  "Deto¬ 
nation  study  of  gaseous  mixtures  at  initial 
pressures  reaching  10  MPa,”  Arch.  Comb, 
4,  pp.  191-195  (1984). 


17.  O.  Heuz6,  H.  N.  Presles,  P.  Bauer,  “Compu¬ 
tation  of  chemical  equiiiuiia,”  J.  Chem. 
Phys.  83,  4734  (1985). 

18.  O.  Heuze,  P.  Bauer,  H.  N.  Presles,  “Calcula¬ 
tion  of  the  composition  of  combustion  prod¬ 
ucts,”  4th  Int.  Conf.  on  Numerical  Methods 
in  thermal  problems,  Swansea,  U.K., 
15th-18th  July  1985,  published  in  “Com¬ 
munications  in  Applied  Numerical  Methods". 

19.  J.  Tayior,  “Detonation  in  condensed  explo¬ 
sives,”  Oxford  Press,  Oxford,  England 
(1952). 

20.  S.  Paterson,  “The  hydrodynamic  theory  of 
detonation,  Part  II,  On  absolute  calculation 
for  condensed  explosives,”  Research  Supple¬ 
ment,  5,  1,  pp.  221-233  (1948). 

21.  P.  Jacquemin,  M.  Nicolas,  “Calcul  des  per¬ 
formances  thermodynamiques  des  poudres 
aux  hautes  density  de  chargement,”  5th 
Symp.  (Int.)  de  Balistique,  Toulouse,  France 
(1980). 

22.  M.  Barr^re,  private  communication  (1976). 

23.  T.  Kihara,  T.  Hikita,  4th  Symposium  (Int.) 
on  Combustion,  p.  458,  Baltimore,  The 
Williams  &  Wilkins  Co.,  (1953). 

24.  H.  Cowperthwaite,  W.  H.  Zwis'er,  “The  JCZ 
Equations  of  state  for  detonation  products 
and  their  incorporation  into  the  TIGER 
CODE,”  6th  Symposium  on  Detonation, 
ACR  221,  San  Diego,  pp.  110-116  (1976). 

25.  H.  N.  Presles,  C.  Brochet,  Y.  Kato,  K.  Tanaka, 
“Influence  of  additives  on  Nitromethane 
dstonation  characteristics,"  7th  Symposium 
on  Detonation,  Annapolis,  pp.  583-588  (1981). 

26.  H.  N.  Presles,  P.  Bauer,  O.  Heuz&  C.  Brochet, 
“Investigation  on  Detonations  of  gaseous  ex¬ 
plosive  mixtures  at  very  high  initial 
pressures,”  Comb.  Sci,  and  Tech.,  43,  315 
(1985). 


769 


SENSITIVITY  ANALYSIS  OF  THE  IDEAL  DETONATION  STATE  TO  ERRORS 
IN  MOLECULAR  PROPERTIES  AND  INTERMOLECULAR  FORCE  PARAMETERS 


W.  Byers  Brown 
Department  of  Chemistry 
University  of  Manchester 
Manchester  M13  9PL 
UK 

and 

Detonation  Research  Group 
Imperial  Chemical  Industries 
Stevenston  Works 
Ayrshire  KA20  3LN 
UK 


A  sensitivity  analysis  of  calculations  of  the  ideal  detonation  state 
to  errors  in  intramolecular  and  intermolecular  parameters  is 
presented  based  on  the  Hellmann-Feynman  formula  of  statistical 
mechanics.  Equations  are  derived  for  discussing  the  accuracy  of  the 
calculation  of  the  detonation  velocity  and  the  temperature,  pressure 
and  density  of  the  Chapman-Jouguet  point  in  the  general  case  of 
mobile  chemical  equilibrium.  In  the  special  case  of  frozen  chemical 
equilibrium  comparatively  simple  equations  are  derived  for  overall 
fractional  changes  in  molecular  parameters,  and  in  particular  for  inter¬ 
molecular  well-depths  l ,  collision  diameters  o  and  repulsion  indices 
a.  Quantitative  results  are  presented  fora  typical  case,  and  are  mainly 
in  agreement  with  intuitive  thinking,  although  some  details  are 
unexpected. 


1.  INTRODUCTION 

Recent  calculations  of  the  ideal  detonation 
state  for  explosive  materials  are  all  based  on 
statistical  mechanical  theories  of  the  ther¬ 
modynamic  equation  of  state,  and  require 
knowledge  of  the  properties  of  the  product  mole¬ 
cules  and  the  intermolecular  forces  between 
them.  The  accuracy  of  quantities  calculated  in 
this  way,  such  as  the  detonation  velocity  or  the 
temperature,  pressure  and  density  of  the  Chap¬ 
man-Jouguet  point,  depend  on  (a)  the  fundamen¬ 
tal  assumptions  underlying  the  statistical  the¬ 
ory,  (b)  any  further  approximations  made  to 
simplify  the  calculations,  and  (c)  the  actual  val¬ 
ues,  experimental  or  theoretical,  of  the  various 
intramolecular  and  intermolecular  parameters 
involved.  The  most  important  molecular  param¬ 
eters  are  the  masses,  moments  of  inertia, 


vibration  frequencies  and  anharmonicities,  elec¬ 
tronic  degeneracies  and  low-lying  excitation 
energies,  rotation-vibration  coupling  param¬ 
eters,  etc.,  for  all  the  species  present.  The  inter¬ 
molecular  force  parameters  are  .(  rst  of  all  the 
energy,  size  and  repulsion  indices  occurring  in 
the  potential  energy  function  for  cei.tral  interac¬ 
tions  between  molecules  of  different  species.  In 
addition,  there  may  be  parameters  describing 
orientation-dependent  interactions  such  as 
dipole  and  quadruple  moments. 

The  molecular  properties  are  on  the  whole 
well-known,  but  this  is  far  from  the  case  with 
the  intermolecular  force  parameters.  It  is  there¬ 
fore  important  to  be  able  to  estimate  the  effect 
of  an  uncertainty  in  a  particular  parameter, 
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or  indeed  a  whole  class  of  parameters  (for  ex¬ 
ample,  intermolecular  energy  well-depths),  On 
the  calculation  of  a  detonation  quantity  of 
interest. 

The  object  of  this  paper  is  to  present  an 
analysis  of  the  sensitivity  of  such  calculations 
based  on  the  Hellmann-Feynman  formulae  of 
statistical  mechanics.  It  turns  out  that  only 
very  general  and  mainly  acceptable  assump¬ 
tions  need  to  be  made,  for  example  that  classical 
statistics  and  mechanics  suffice  for  treating 
molecular  interactions  and  that  these  are  ad¬ 
ditive.  It  is  then  possible  to  express  the  sen¬ 
sitivity  coefficients,  that  is  the  fractional 
change  in  a  quantity  of  interest,  for  example  the 
detonation  velocity,  caused  by  a  fractional 
change  in  an  intermolecular  parameter,  for  ex¬ 
ample  the  collision  diameter,  largely  in  terms 
of  thermodynamic  or  easily  calculated  statis¬ 
tical  quantities.  It  is  not  necessary  to  assume 
a  particular  statistical  theory,  such  as  the  hard- 
sphere  perturbation  theory,  although  the  equa¬ 
tions  can  be  particularized  if  desired. 

2.  STATISTICAL  THERMODYNAMICS 
OF  INTERNAL  PARAMETER 
CHANGES 

The  first  thing  we  need  to  know  is  the  effect 
on  the  thermodynamic  properties  of  a  multicom¬ 
ponent  system  of  changing  an  internal  param¬ 
eter,  say  L  which  describes  some  molecular  or 
intermolecular  feature  of  importance,  such  as 
an  intramolecular  vibration  frequency  or  an  in¬ 
termolecular  well-depth.  This  problem  i3  solved 
by  the  statistical  Hellmann-Feynman  formula 
(1),  which  in  its  application  to  the  canonical 
ensemble  describing  the  Helmholtz  free  energy 
A(T,V,n.  takes  the  form 

(3A/3|)TV„  =  <3  H/3£>,  (2.1) 

where  H  is  the  Hamiltonian  operator  for  the 
system,  and  the  angle  brackets  indicate  the 
ensemble  average.  The  derivation  starts  from 
the  normalization  condition  for  the  density  in 
the  canonical  ensemble,  namely 

Tr{exp((A—  H  )/  k3TJ}=I  (2.2) 

where  kB  is  Boltzmann’s  constant.  By  differen¬ 
tiating  equation  (2.2)  with  respect  to  4  we  get 

Tr{(0A '3|~3  H/34)exp[(A-  H)/kBT]}  =  0 
or 


3 A/3|  =  Tr{3H/3|exp[  (A-H)  /kBT]}  , 

=  <  3H/3|>. 

In  whp.t  follows  we  shall  assume  (a)  that  quan- 
tal  effects  and  statistics  can  be  ignored  in  deal¬ 
ing  with  molecular  rotations  and  intermolecular 
motions,  (b)  that  the  interaction  of  inter-  and 
intra-molecular  motions  can  be  neglected,  and 
(c)  that  the  intermolecular  potentials  are  ad¬ 
ditive  and  effectively  central;  this  last  assump¬ 
tion  can  be  easily  relaxed  if  desired.  The 
Hamiltonian  can  then  be  written  in  the  form 


^  ^intra  ^inter’ 

(2.3) 

where 

Hintra  811(1  Hinter  commute,  and 

^intra  ~  ^vib  ^rot’ 

(2.4) 

^inter  ~  ^trans  U, 

(2.5) 

where  Hvjb  is  the  Hamiltonian  for  all  the  inter- 

nal  vibrational  motions,  Krot  and  Ktram  are  the 
kinetic  energy  operators  for  rotation  and  trans¬ 
lation  of  the  N  molecules,  and  U  is  the  total 
potential  energy  for  their  interaction  given  by 

U  =  I  I  I  I  Ujj  (rst)  (2.6) 

i  j  s  >  t 

where  Ujj(rst)  is  the  intermolecular  potential  for 
two  molecules  of  species  i  and  j  with  their  cen¬ 
tres  of  mass  at  positions  r  g  and  r  ,  rst  = 
|r  -r.j  ,  and  the  sum  is  over  all  pairs  of 
molecules.  The  free  energy  A  can  be  written  as 
the  sum  of  two  parts, 

A  Aj{jeai+ A3Xcess  (2,7) 

where  AjdeaJ  is  the  ideal  free  energy  given  by 

Tr(exp(  ( Aideaj — Hintra — Ktran8)/kBT] } = 1 ,  (2.8) 

and  the  trace  operation  is  defined  so  that  it  in¬ 
cludes  the  ideal  mixing  term,  and  Aexcess  is  the 
excess  or  residual  free  energy  defined  by 

V-N/....(N).../expI(Aexces9-  U )/ 

kBT}d3r  ...d3rN  =  1.  (2.9) 

The  immediate  point  of  this  separation  is  that 
the  molecular  parameters  i/uur  only  in  Aideal 
and  the  intermolecular  parameters  only  in 
^excess’ 
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3.  MOLECULAR  PARAMETERS 

We  shall  consider  a  few  typical  molecular 
parameters  such  as  total  masses  m,  moments 
of  inertia  I,  and  normal  vibration  frequencies 
cok,  which  will  be  treated  as  independent.  Let 

X“  =(3A/3mi)TV^ 

=  ( ^  Aideal 1  & 

where  m;  is  the  molecular  mass  of  species  i,  and 
all  other  properties  are  considered  to  be  held 
constant  during  differentiation.  It  follows  from 
(2.1)  and  (2.3)  that 

Xf  =  <3Ktrans  /  3m;  >  ,  (3.2) 

and  since 

Ktrans  =  ?  Z  7  2mi  * 

1  s  3 

we  have 

Xf  =  -<Z  /2m?  >  . 

But  since  translational  motion  is  assumed  to  be 
classical  we  have 

<  Z  p  2/2mi>=3NikaT/2, 

and  so 

Xf  =  — 3NjkBT/  2mj.  (3.3) 

Similarly  for  |=Iiy,  the  yt!l  principal  moment 
of  inertia  of  the  N;  molecules  of  the  ith  species, 
we  have 

xjy 

=  <d  Krotldlh>,  (3.4' 

where 

Krot=Z  Z  Z  L ly  /2Iiy 

1  S  y 

where  L3),  are  the  angular  momenta  about  the 
principal  (molecule-fixed)  axes.  Hence 

=-N,kDTOIi,  (3.51 

Turning  lastly  to  vibrational  parameters,  let 
wlk  be  the  kth  normal  (angular)  vibration  fre¬ 
quency  of  a  molecule  of  species  i,  and  define 

X°jk  =(S  A/acoik)TiVi„=<aHvib/3mik>.  (3.6) 

Now,  assuming  the  vibrations  are  harmonic,  we 
have  in  an  obvious  notation 

Hvib=^  2  X  Vi  (pfk+a4q2k),  (3.7) 

i  s  k 


so  that 

X£  =  <  Z  co*  q2>  .  (3.8) 

s 

Since  the  average  potential  energy  of  a  normal 
vibration  is  equal  to  the  average  kinetic  energy, 
and  using  the  well-known  formula  for  the 
average  energy  of  a  normal  mode,  we  can  show 
that 

X£  =  Njh  [exp(hwik/kBT)  -l]"1.  (3.9) 

4.  INTERMOLECULAR  PARAMETERS 

We  now  consider  a  few  typical  intermolec- 
ular  parameters,  in  particular  the  attractive 
well-depths  %  the  sizes  and  the  repulsion  in¬ 
dices  Oy  for  tne  interaction  of  two  molecules  of 
species  i  and  j.  From  the  statistical  Hellmann- 
Feynman  formula  (2.1)  we  have 

X|  =<  3  A/  3  £ij)T.V.n 

^  ^  Aexceso^  ^  ^ij^T.V.n 

ry, 

=<au/atij>.  (4.D 

By  substituting  from  (2.6)  we  get 

Xf.  =<I  Z  auij(rst>/a£ij>.  (4.2) 

J  s>t 

where  we  have  supposed  for  convenience  that 
£jj  and  £jj  are  independent.  Let  us  further  as¬ 
sume  that  Ujj  has  the  form 

Ujj  (r)  =  tjjflr/Ojpjj)  ,  (4.3) 

so  that 

3^  /  0£ij  =  Ujj  /  £-j  •  (4.4) 

Hence 

xfj  =  Ujj  (rst)  >  /£jj  , 

=  (NlNj/2Veij)  /  ujj  (r)gij(r)d3  r  (4.5) 

where  gyfoT.V.g  )  is  the  radial  distribution 
function  (RDF)  for  molecules  of  species  i  and  j 
a  distance  r  apart. 

Similarly 

X?3  =<3A /9oij)TtV,„ 

=  <au/3oij> 

=  -(NiNj/2Voij)  /  Vjj(r)gjj(r)d3 £  (4.6) 


772 


where  Vjj(r)  is  the  intermolecular  virial  function 
defined  by 

v(r)  =  rdu/dr.  (4.7) 

The  coefficient  for  the  effect  of  a  change  in 
the  repulsion  index  a y  can  likewise  be  reduced 
to 

X}  =(0A/3ttij)TjVfn 

=<dUldaip>  ~ 

=(NiNj/2V) /  ( a  U;:/  a  £>'ij)gijd3j^.  (4.8) 

However,  the  form  of  3u Ida  depends  on  the 
precise  form  of  the  function  f  in  the  inter¬ 
molecular  potential  (4.3).  For  example,  if  u(r)  has 
the  Buckingham  a-exp-6  form 

u(r)=£{6exp[a(l-r/rm)]-o(rm/r)6}/(a-6),  (4.9) 

where  rTO  is  the  equilibrium  distance,  then  it  is 
easily  shown  that  the  corresponding  derivative 
(holding  £  and  rm  constant)  is  given  by 

o(  3  u/  3  a)=o((a-7)/(o-6))u(r) 

+  v(r)  ~ (»-7)ud;sp(r)  (4.10) 

where 

udisp(r)= -(tal{a-6))(rm!r)6  (4.1 1) 

is  the  attractive  (dispersion)  energy  term  in  (4.9), 
and  v(r)  is  the  intermolecular  virial  of  (4.7). 
Hence 

*ijX<[j  =aij((aij-7)/(air6))£ijX{.— OyXJ. 
-(ay-7)  (NjNj/2V)  x  J u*?P  (r)gy(r)d3r.  (4.12) 

5.  OVERALL  PARAMETER  CHANGES 

The  coefficients  xl.  of  the  previous  section 
can  be  calculated  by  substituting  explicit  forms 
for  the  RDF’s  gy(r)  into  equations  (4.5).  (4,6) 
and  (4.12)  and  integiating.  However,  the  .•verali 
effect  of  fractional  errors  dtJtu  in  u."  the 
energy  parameters  can  be  j  elated  exactly  X)  the 
excess  energy  in  the  following  way.  From  (4.5) 
and  (2.6) 


=  <  U> 


=  <51> 

Similarly  the  overall  effect  of  fractional  errors 
dojj/Oij  in  all  the  size  parameters  is  given  by  the 


equation 


=-<SIISVij(rs 


.)>. 


=3(PV— NkBT).  (5.2) 

The  corresponding  quantity  for  the  repul¬ 
sion  indices  ay  caxmot  be  written  in  terms  of  ex¬ 
cess  thermodynamic  quantities  in  general, 
although  it  can  be  calculated  using  a  statistical 
theory  such  as  the  perturb  .tion  theory  based 
on  the  hard-sphere  fluid.  The  quantity  is  much 
simplified  by  assuming  that  the  ay  are  the 
same  for  all  species,  which  is  the  condition  that 
the  intermolecular  potentials  Uy  are  “confor¬ 
mal”,  when 


I  I  ayX*  =o((o-7)/(o-6))Uex 
i  j  J  y  ex 


-3(PV-NkBT)-(o-7)Udisp  (5  3) 

where  Udigp  is  the  attractive  (dispersior'  con¬ 
tribution  to  the  excess  energy,  and  must  be 
calculated  specially. 

Equations  (5.1)  and  (5.2)  are  exact  and 
general,  and  could  equally  well  be  derived  direct¬ 
ly  by  applying  Euler’s  theorem  for  homoge¬ 
neous  functions  to  the  excess  free  energy 
A0X(T,V,N  ;  £,  o  ,a)  which  is  homogeneous  of 
degree  one  in  Tand  the  set  {fy},  and  homoge¬ 
neous  of  degree  zero  in  V1^  ana  the  set  { O:: }  or 
{rmij}- 

Similar  quantities  describing  the  overall 
change  in  thermodynamic  properties  for  frac¬ 
tional  changes  d|/|  in  the  molecular  parameters 
can  be  written  down.  Thus,  for  the  change  in  the 
masses,  it  follows  from  (3.3)  that 

?miX"?=--f-NkBT.  (5.4) 


Similarly  for  changes  in  the  moments  of  inertia 

ZIIiYX?  =--jj-Nk„T.  (5.5) 

i  r  ’  V  2 

where  v  is  the  average  number  of  rotational 
degrees  of  freedom  of  molecules  in  the  fluid 
(v=2  for  linear,  and  3  for  non-linear,  molecules). 
For  changes  in  vibrational  frequencies 


[exp(ha)ik/kBT) — 1  ]  “ 1 , 


(5.6) 


=Evib’ 

the  total  vibrational  energy  of  the  molecules, 
which  approaches  NkBT  per  normal  mode  at 
high  temperatures. 
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6.  IDEAL  DETONATION  STATE 

The  ideal  detonation  state  (IDS)  is  deter¬ 
mined  by  three  sets  of  conditions  (2): 

(a)  The  Rankine-Hugoniot  equation  which 
describes  the  conservation  of  mass,  momen¬ 
tum  and  energy  across  the  detonation 
front,  and  can  be  written 

E-E0=1/2(P+P0)(Vo-V),  (6.1) 

where  the  extensive  quantities  are  specific 
(i.e.,  per  unit  mass),  the  subscript  zero  in¬ 
dicates  the  initial  state  of  the  explosive 
material  and  the  unsubscripted  quantities 
are  for  the  explosive  products,  and  E  is  the 
internal  energy. 

(b)  The  Chapman- Jouguet  condition 

(p-p0)/(v0-v)=-(ap/av)s.  (6.2) 

(c)  The  conditions  of  chemical  equilibrium 

among  the  detonation  products.  These  can 
be  most  succinctly  expressed  in  terms  of 
the  chemical  affinities  Aj,  A2, . . ,  \  and  ex¬ 
tents  of  reaction  At,  A2, . . ,  A,  for  the  r  possi¬ 
ble  independent  reactions  among  the  c 
chemical  species.  The  affinities  are  defined 
in  terms  of  the  chemical  potentials  pij  by 

Aj=-  X  /iji/jj  (j— 1,2, . .  ,r)  (6.3) 

i=l 

where  v  is  the  stoichiometric  reaction  matrix  of 
order  c  x  r.  The  conditions  for  chemical 
equilibrium  are  then  simply 

Aj=0  (j=l,2 _ r),  (6.4) 

and  will  be  denoted  if  necessary  by  “eq”.  The 
derivative  on  the  left-hand  side  of  equation  (6.2) 
expressing  the  Chapman-Jouguet  condition  is 
incompletely  specified.  For  frozen  chemical 
equilibrium  the  molar  masses  n,  and  therefore 
the  extents  of  reaction  A  ,  would  be  held  con¬ 
stant  in  addition  to  the  entropy  S,  while  for  the 
actual  state  of  chemical  equilibrium  (6.4)  hold, 
and  (6.2)  should  read 

(P-P0)/(Vo-V)=-(9P/3V)Seq.  (6.5) 

The  values  of  the  pressure,  volume,  temper¬ 
ature,  and  extents  of  reaction  of  the  ideal 
detonation  state  will  be  denoted  by  Pqj.Vqj, 
Tqj  and  Aqj,  which  are  the  solution  of  (6.1),  (6.4) 
and  (6.5)?"The  detonation  velocity  in  the  IDS  will 
be  detonated  by  Dqj  where 


Dc^=v02(-ap /av)s>eq.  (6.6) 

7.  EFFECT  OF  PARAMETER  CHANGES 
ON  IDEAL  DETONATION  STATE 

All  the  thermodynamic  quantities  for  the 
detonation  products  will  depend  on  the  intra- 
and  inter-molecular  parameters  |.  In  calculating 
the  effect  of  a  change  d|  on  the  IDS  the  ques¬ 
tion  arises  as  to  which  set  of  independent  ther¬ 
modynamic  variables  to  use.  These  must  be  one 
of  the  “canonical”  sets  occurring  in  the  fun¬ 
damental  statistical  thermodynamic  equations 
along  with  the  parametric  dependence  on  the  |. 
The  most  natural  choice  is  the  set  S,V,n,  £ 

r\j 

which  are  the  canonical  variables  for  the  inter¬ 
nal  energy  function  E(S,V,n;|).  This  is  because 
the  extensive  quantities  E?V^S  all  occur  in  the 
Rankine-Hugoniot  and  Chapman-Jouguet  equa¬ 
tions,  and 

P=-(3E/9V)Sn  Mr-(3E/3ij|si  ,  (  7,u 

r\j  <Xi 

so  that  even  chemical  equilibrium  can  be 
discussed  using  these  variables.  Also  it  follows 
from  the  fundamental  Pfaffian  of  ther¬ 
modynamics,  extended  to  include  a  change  in 
a  molecular  parameter  |,  that 

dE=TdS-PdV+?^:du:+Xd|,  (7.2) 

i 

=TdS  -  PdV  -  SAjdA: + Xd£,  (7.3) 

J  '  } 

so  that 

x=(aA/3i)TiV>n=(aE/ai)SiV,n .  (7.4) 

(\j  f\j 

In  terms  of  the  chosen  set,  the  IDS  equations 
(6.1),  (6.4)  and  (6.5)  may  be  written 

E  -  E0= ‘/:(V0— V)(P0-  3  E/  3  V),  (7.5) 

3  El  3  V + P0+ (V0- V)(  3  *E  /  3  V2-f  EyV)=0,(7.6) 

where  Eyy  describes  the  contribution  to  the 
second  derivative  d2E/dV2  of  the  shift  of  the 
chemical  equilibrium  at  constant  entropy,  and 
is  given  by 

Evv=-£  I  (32E/3A:3V)  Ajk(32E/3Ak3V) 
j  k  (7.7) 

/V 

where  A  is  inverse  of  the  chemical  stability  ma¬ 
trix  A  whose  elements  are 

Ajk=  — ( 3  2E/3  Aj  3  Ak).  (7.8) 
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Consider  now  the  effect  of  a  change  d|  in  the 
value  of  the  parameter  |  causing  a  general 
change  6  in  (7.5),  (7.6)  and  (6.4): 

6E= -  %(P0-  3  El  3 V)dV- 'MVQ 

(7.9) 

-V)d(3E/3V), 

d(  3  E/ 3  V)  -  ( 3  2E/ 3  V2+iVv><5  V 

+(Vo-V)[d(32E/3V2)+dSvv)=0-  (7.10) 

d(3E/3Aj)=0  (j  =l,2,..,n).  (7.11) 

For  any  thermodynamic  quantity  Q  we  have 

dQ=(3Q/3S)dS+(3Q/3V)dV 

+I(3Q/3Aj)dAj  +  (3Q/3|)d| ,  (7J2) 

where  the  variables  being  held  constant  are  ob¬ 
vious,  and  in  particular  the  first-order  form  of 
(7.2)  is 

dE=TdS-PdV-IA:dA:+Xd4.  (7.13) 

j  J  1 

Now  that  we  are  sure  of  the  independent 
variables  we  can  return  to  using  F=  —  3  El  3  V 
etc.  By  substituting  (7.13)  into  (7.9)  and  using 
(7.12)  we  get 

[T-  ‘/2(V0- V)Tv]dS= '/S(V0- V)  &vvdV 
-(X-  ‘/2(V0- V)P|]d| + */j(V0-V)2Pj<jAj  (7.14) 

where 

Tv=3T/3V,  P|=3P/3£  and  P—SP/SAj. 

Similarly  we  get  equations  of  this  kind  from 
(7.10)  and  (7.11).  To  solve  them  for  the  effect  of 
d£  on  S, V  and  the  A ,  we  have  to  treat  them  as 
linear  simultaneous  equations. 

We  shall  not  proceed  further  with  the  full 
treatment  allowing  for  mobile  chemical  equilib¬ 
rium,  since  it  clearly  gives  rise  to  extremely 
complicated  equations.  In  any  case,  the  effect 


of  shifting  the  position  of  equilibrium  depends 
on  rather  specific  features  of  the  chemistry  of 
the  detonation  reactants  and  products.  We  are 
after  a  broad  understanding  of  the  phenomena, 
rather  than  a  detailed  one,  and  in  the  next  sec¬ 
tion  we  shall  abandon  the  chemical  equilibrium 
conditions,  and  replace  them  by  the  constancy 
of  the  extents  of  reaction  A . 


8.  THE  CASE  OF  FROZEN  CHEMICAL 
EQUILIBRIUM 

The  equations  simplify  greatly  if  it  is  assumed 
that  a  change  in  the  molecular  parameter  4  does 
not  affect  the  chemical  equilibrium  composition. 
Then  (7.11)  can  be  ignored,  and  (7.14)  and  (7.10) 
reduced  to 

(T+  >/2(V0- V)Tv]dS= -[X-  >/2(V0-V)P|]34  (8.1) 


[Tv+(V0— V!Tvv]3S-~(V0— V)PvvdV 


+[P|-HV0-V)P|V]d4.  (8.2) 


where  4  he  quantities  with  subscripts  are 
derivatives  with  respect  to  the  subscripted 
variable  holding  the  other  members  of  the  set 
S,V,n  ,  4  constant.  Thus,  for  example, 

Tv = ( 3  T/  3  V)s  |  =  3  2E/  3  S  3  V,  . 

>  (8.3) 

P!=(3P/34)s.v=-32E/3V34. 

Equation  (8.1)  already  gives  the  change  in  en¬ 
tropy  with  4  lor  the  CJ  IDS,  namely 

( 3  S/  3  4)cj  -  ~  CX + 'A  AV.P|)/ 

(T-^AV.Ty),  (8.4) 

where  AV=V-V0  is  the  total  change  in  the 
specific  volume  (<0). 
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By  substituting  (8.1)  into  (8.2)  we  get  for  the 
volume  derivative 

|-0V-|  XTv+TP|-AV(XTw+TP|y)+ y2(AV)2(TvP|v-P|Tvv) 
L  d  d CJ~  PvvAV(T-  */2 AV.Ty)  " 


The  pressure  and  tempe’-  '.are  coefficients  car. 
now  be  obtained  from  .'..:e  equations 

{ 3  P/3  4)CJ=P|+PS(  9  S/3  Dcj+Pyi  dV/d  4)qj>(8.6) 

OT/ai)CJ=T|+Ts(as/ai)CJ+Tv(av/a4)Cj.  (8.7) 

The  change  in  the  detonation  velocity  D  is 
of  special  interest,  and  can  be  deduced  from  the 
equation 

D2=V2  (P— P0)/(V0— V)  (8.8) 

which  follows  from  (6.5)  and  (6.6).  We  have 
dD2=V2  (dP+(P— P0)dV/(V0— V)]/(V0— V), 
which  can  be  reduced  to 

dD2=V2(PsdS+P^d|)]/(V0— V).  (8.9) 

For  the  fractional  change  in  D  for  a  frac¬ 
tional  change  in  |  under  IDS  conditions  we  get 

A  T— 1  -f aiogD  1  -  1  rT4P|+Tvix-j 
d  La^Jw^Laiogi-i"  apl  2t-av.tv  j 

(8.10) 

The  various  thermodynamic  derivatives  of  E 
with  respect  to  S  and  V  occurring  in  equations 
(4.4)  to  <8.10)  are  not  convenient  for  calculations, 
and  need  to  be  related  to  derivatives  of  A  with 
respect  to  T  and  V,  which  can  be  done  by  means 
of  standard  thermodynamics. 

9.  RESULTS  ASSUMING  FROZEN 
CHEMICAL  EQUILIBRIUM 

In  this  preliminary  study  the  greatest  prac¬ 
tical  interest  lies  in  gaining  an  understanding 
of  the  effect  of  global  errors  in  the  inter- 
molecular  parameters  affecting  the  IDS  proper¬ 
ties  through  the  thermodynamic  equation  of 
state  rather  than  through  the  possible  idiosyn¬ 
crasies  of  the  chemical  reactions.  The  calcula¬ 
tions  presented  here  are  therefore  for  overall 
changes  in  the  parameters  £,o  and  a  assuming 
frozen  chemical  equilibrium. 

In  Table  1  we  present  some  typical  sensitivi¬ 
ty  results  for  the  ideal  detonation  state  of  an 
explosive  like  PETN.  The  assumed  initial  state 
has  reduced  density  1.35,  and  the  final  detona¬ 
tion  state  has  reduced  density  pa(p=1.8  and 
reduced  temperature  Tqj=30.  The  thermody¬ 


namic  properties  were  calculated  using  the 
modified  Weeks-Chandler-Anderson  (WCA) 
hard-sphere  perturbation  theory  recently  pro¬ 
posed  by  Ree  and  co-workers  (3),  assuming  the 
13.5-exp-6  intermolecular  potential  and  an  ideal 
heat  capacity  Cv/R=4.75;  the  predicted  re¬ 
duced  detonation  pressure  is  PCJ=262. 

The  results  shown  in  Table  1  are  broadly  in 
keeping  with  intuition,  but  do  hold  a  few  sur¬ 
prises.  The  density  and  temperature  are  the 
least  sensitive  properties,  which  is  perhaps 
unexpected,  while  the  size  parameter  a  and  the 
repulsion  index  a  are  the  most  important 
parameters,  which  is  as  expected.  (Note  that  the 
actual  size  parameter  o  used  was  the  distance 
of  the  potential  minimum  rm  rather  than  the 
conventional  collision  diameter).  The  sensitivi¬ 
ty  of  the  detonation  pressure  PCJ  to  errors  in 
a  and  a  is  surprising:  a  1%  error  in  all  the 
molecular  sizes  will  increase  the  pressure  by  4%, 
and  a  similar  error  in  a  (e.g.  from  13.50  to  13.64) 
will  increase  it  by  6%  (i.e.  from  262  to  278  in 
reduced  units).  Another  surprising  feature  of 
the  results  is  the  comparative  importance  of  the 
intermolecular  potential  well-depth  £  for  the 
detonation  velocity  and  pressure,  even  at  a 
temperature  some  30  times  greater  thar,  c/kB. 
Thus  a  2.5%  error  in  the  e’s  is  enough  to  alter 
the  detonation  velocity  by  1%.  However,  this 
assumes  that  a  and  a  are  constant,  and 
therefore  involves  a  shift  in  the  whole  potential 
wave.  It  is  therefore  not  so  suprising. 

10.  CONCLUSION 

It  has  been  shown  that  it  is  possible  to  set 
up  a  simple  theory  for  the  sensitivity  analysis 
of  calculations  of  the  ideal  detonation  state  to 
errors  in  intra-molecular  and  inter-molecular 
parameters.  The  analysis  has  only  been 
developed  explicitly  for  the  case  of  frozen 
chemical  equilibrium,  and  has  only  been  applied 
to  errors  in  inter-molecular  force  parameters,  for 
which  results  have  been  calculated  for  overall 
changes  in  a  typical  case.  The  theory  can  clear¬ 
ly  be  extended  to  the  actual  case  of  mobile 
chemical  equilibrium  and  applied  to  the  prob¬ 
ably  less  important  errors  in  intra-molecular 
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TABLE  1 

Overall  fractional  sensitivity  coefficients  d  Log  (property)/d  Log  (parameter)  for  IDS  properties 

to  errors  in  inter-molecular  force  parameters 


IMF  Parameter 

Ideal  detonation  state  property 

Velocity 

Density 

Pressure 

Temperature 

DCJ 

Qcj 

?CJ 

TCJ 

Energy  well-depth  £ 

0.39 

-0.02 

0.72 

0.04 

Diameter  at  minimum  o 

2.42 

-0.27 

4.03 

-0.54 

Repulsion  index  a 

2.91 

0.13 

6.22 

-0.40 

properties.  However,  the  results  presented  in 
Table  1  already  sharpen  one’s  perception  both 
of  the  order  of  accuracy  to  be  expected  in  an 
IDS  calculation  even  with  the  best  ther¬ 
modynamic  equation  of  state,  and  of  the  relative 
importance  of  the  various  inter-molecular 
parameters. 
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DERIVATIVES  OF  THE  CHAPMAN-JOUGUET  STATE 


B.D.  Lam  bourn 
AWRE,  Aldermaston 
READING,  England 


In  this  paper  the  Jones-Stanyukc"ich-Manson  relations  for  the  partial 
derivative  of  detonation  velocity  with  initial  density  and  detonation 
energy  are  extended  to  give  the  partial  derivatives  of  Chapman- 
Jouguet  pressure,  specific  volume  adiabatic  exponent  y,  using  second 
order  derivatives  of  the  equation  of  state.  As  an  example,  the  CJ 
derivatives  are  calculated  for  a  JWL  equation  of  state  for  a  typical 
high  explosive. 


1.  INTRODUCTION 

Except  tor  very  simple  cases,  the  Chapman- 
Jouguet  (CJ)  parameters  for  any  equation  of 
state  for  detonation  products  have  to  be  deter¬ 
mined  by  solving  a  set  of  non-linear  equations. 
The  non-linear  equations  would  have  to  be 
solved  repeatedly  for  the  CJ  parameters  at  any 
other  initial  density  (p0)  or  detonation  energy 
(E0).  However,  this  problem  would  be  eased  in 
local  regions  of  the  g0  —  E0  plane,  if  the  par¬ 
tial  derivatives  of  the  CJ  parameters  could  be 
evaluated. 

The  Jones-Stanyukovich-Manson  (JSM)  rela¬ 
tion  (1,2)  gives  the  derivatives  of  detonation 
velocity  (D)  with  Q0  and  E0  in  terms  of  first 
order  differentials  of  the  equation  of  state 
(EOS),  by  differentiating  the  Hugoniot  curve 
and  Rayleigh  Une  relations.  In  this  paper,  the 
JSM  relations  are  extended  to  the  partial 
derivatives  of  the  other  CJ  parameters  in  terms 
of  both  first  and  second  order  differentials  of 
the  EOS,  by  differentiating  one  of  the  CJ 
relations. 

The  CJ  and  JSM  relations  are  derived  in  Sec¬ 
tion  2  following  the  method  of  Wood  and 
Fickett  (1).  The  extended  derivatives  are 
developed  in  Section  3  and  applied  to  a  typical 
equation  of  state  in  Section  4. 

2.  The  Chapman-Jouguet  and 
Jones-Stanyukovich-Manson  Relations 

For  a  steady  state  detonation  wave  the 


Rankine-Hugoniot  relations  hold.  In  particular 
the  locus  of  states  which  could  ,xist  at  the  end 
of  the  reaction  zone  are  given  by  the  Hugoniot 


relation  and  Rayleigh  line: 

E  =  E0  +  i  p(v0  -  v) 

(1) 

D2  sz _ EL_ 

(2) 

v02  vo  “  v 

where  p  is  pressure,  v  is  specific  volume,  v0  is 
initial  specific  volume,  E  is  specific  internal 
energy,  E0  is  detonation  energy  and  D  is 
detonation  velocity. 

E  is  related  to  p  and  v  through  the  equation 
of  state  and  the  detonation  products 

E  =  E(p,v)  (3) 

In  general  for  any  detonation  velocity,  the 
Rayleigh  line  intersects  the  Hugoniot  0, 1  or  2 
times.  The  Chapman-Jouguet  sonic  condition  re¬ 
quires  that  steady  state  plane  detonation  veloci¬ 
ty  is  given  by  that  Rayleigh  line  which  is 
tangent  to  the  Hugoniot,  ie  at  the  CJ  state 


2.1  First  Derivatives  of  the  Equation  of 
State 

Before  deriving  the  CJ  conditions,  it  is 
necessary  to  define  some  parameters  for  a  gen¬ 
eral  form  of  equation  of  state  for  the  detonation 
products.  Letting  subscripts  p  and  v  represent 
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partial  derivations  of  internal  energy  so  that 


then  two  non-dimensional  parameters  can  be 
defined 

r  =  v/Ep  ;  a  =  p/Ev  (6) 

where  V  is  Gruneisen  Gamma,  and  a  is  a  cor¬ 
responding  parameter  defined  by  Jones  {3}. 

Differentiating  the  EOS  (3)  at  constant  en¬ 
tropy  S,  remembering  that 


and  using  the  definition  of  the  adiabatic  expo¬ 
nent  y  as 

y  =  -  1  {'Ip')  =  -  (7) 

1  p  ws  Ofay's 

gives  the  general  thermodynamic  relation 

ypEp  =  v(Ev  +  p)  (8) 

which  from  (6)  may  be  written 

y  =  i>  +  1  )/o  ;  V  = 

o  +  l  (9) 

or  a  ~  — r 

y  -  r 


2.2  The  Chapman-Jouguet  State 

The  locus  of  p-v  states  along  with  the  Hugon- 
iot  curve  is  given  by  (1).  Differentiating  wrt  v 
along  the  riugoniot  at  constant  E0  and  v0  gives 


But  as  the  CJ  state,  (^®)h  *s  fPven  by  (4). 
Hence  the  Chapman-Jouguet  state  is,  using  (8), 


/ci  = 


l£L 


vcj  =  Yci 


v  —  V  * 

v0  VC ) 


or  = 
'o 


'  CJ 


+  1 


(10) 


The  CJ  pressure  is  given  by  the  Rayleigh  line 
(2): 


(11) 


For  clarity  in  this  paper,  the  subscript  cj  will 
henceforth  be  dropped,  it  being  understood  that 
all  parameters  are  evaluated  at  the  CJ  state. 


2.3  The  Jones-Stanyukovich-Manson 
Relation 

The  Chapman-Jouguet  relations  (10),  (11)  hold 
for  a  given  initial  charge  density  and  detonation 
energy.  We  now  wish  to  find  how  conditions 
vary  along  the  locus  of  CJ  states  as  Q0  and  E0 
vary.  For  each  initial  state,  tho  CJ  state 
satisfies  the  Rayleigh  line  and  Hugoniot.  We 
began  by  differentiating  the  Rayleigh  line  writ¬ 
ten  in  the  form 


pv02  =  D2(v0  -  v) 
along  the  locus  of  CJ  state  giving 
v02dp  +  2pv0dv0 

=  2(v0  -  v)DdD  +  D2dv0  —  D2dv 
Dividing  by  pv02  and  using  (10)  and  (11)  gives 


dp  dv  . . dv  dD 

—  +  y  —  =  (y  —  l)  — -  +  2— — 

P  v  v0  D 


(12) 


Now  differentiating  the  Hugoniot  (1),  along 
the  locus  of  CJ  states  allowing  E0  and  v0  to 
vary  and  substituting  for  Ep  and  Ev  from  (6), 
and  using  (10)  gives 


dp  dv  _  a 
J  y~~  a  +  2 


[(y  +  1)  ^  +  -^dE 


pv 


o] 


(13) 


Equating  the  right  hand  sides  of  (12)  and  (13) 
and  using  (10),  (11)  gives  the  Jones-Stan- 
yukovich-Manson  result 

dD  _  y  ~  1  -  a  dp0  a(y  +  l)2  dE0 
D  ~  a  +  2  g0  0  +  2  D2 

(14) 


The  variations  of  detonation  velocity  with 
density  and  detonation  energy  are  given  by 

(  d  fiiD  -  l  +  1  _  i  (15) 

''3ftig(/l£0  a  +  2 

(d  D2\  .  20  (y  -f  l)2  (16) 

3E0'c0  *  + 2 


The  LHS  of  (15)  was  written  by  Jones  as  b. 
Then  from  (15) 

(y  +  1)  =  (o  +  2)(1  4  b)  (17) 

Hjnce  detonation  pressure  pcj 

D  -6  oD*  -  QqD2 _ 

PcJ  y  +  1  (o  +  2)(1  +  b) 
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Since  for  a  typical  explosive  with  Q0  =1.75 
g/em3  D  ~  0.8  cmJpis. 

0.31. ’.b  ~  L^  o  3i  a,  0.68 

d  e0  °-8 

If  a  ~  0.25  then  y  ~  2.78.  Hence  in  principle 
good  estimates  of  the  Chapman-Jouguet  condi¬ 
tions  can  be  determined  from  the  measured  gra¬ 
dient  of  detonation  velocity  with  density. 


3.  DERIVATIVES  OF  pcj  AND  vcj 

Equations  (12)  and  (13)  cannot  be  solved  to 
find  the  variation  of  CJ  pressure  and  specific 
volume  with  density  and  detonation  energy. 
The  simplest  way  of  deriving  a  third  equation 
is  to  differentiate  the  CJ  relation  (10)  regarding 
the  thermodynamic  parameter  y  as  a  function 
of  p  and  v.  It  is  convenient  to  take  logs  first. 
Then 


are  non-dimensional  parameters  which  are  clear¬ 
ly  zero  for  a  perfect  gas. 


To  find  the  derivatives  of  pcj  and  v^  it  is 
necessoxy  to  solve  (18)  with  (12)  or  (13).  Choos¬ 
ing  the  latter  gives 


+  1  +  H)  dv0 

a  }  ( y  +  1)  — 3 


o  +  2 


+  (y  +  1  +  H)- 


2o 


r&l 

DV  J 


o+2  pv 
I  {  y(l  -  G)  +  1  +  H  }  (20) 


dv 


oG 


dv„ 


+"2  Hy  +  1»v-° 

~  vo 


2o  G  ydE0-i 
o+2  pv  J 

/  {  y(l  —  G)  +  1  +  H  } 


(21) 


The  variation  of  the  adiabatic  exponent  y 
along  the  locus  of  Chapman-Jouguet  states  can 
be  found  from  (10)  and  (21) 


or 


H  - 


o(y  +  1)G 
o  +  2 


dv 

>  (y  +  1)  — 2 


.o 

o  +  2 


(y  +  l)  G 


ydE0-. 

pv  J 


I  {  y(l  —  G)  +  1  +  H  }  (22) 

Equations  (20),  (21)  and  (22)  are  general  rela¬ 
tions  applying  to  any  EOS  for  detonation  prod¬ 
ucts.  They  give  the  variation  of  Chapman- 
Jouguet  pressure,  specific  volume  and  y  with  in¬ 
itial  density  and  detonation  energy.  Some 
typical  values  of  the  coefficients  will  be  given 
in  Section  4  for  a  JWL  equation  of  state. 

G  and  H,  the  logarithmic  derivatives  of  y  at 
constant  v  and  constant  p  are  unfamiliar 
parameters  of  the  EOS.  There  are  many  other 
ways  in  which  these  second  order  derivatives 
could  be  expressed,  but  it  seems  reasonable  to 
relate  them  to  derivatives  of  a,  f  and  y  along 
an  adiabat.  In  the  remainder  of  the  section  G 
and  H  and  hence  the  derivatives  of  the  CJ  state 
will  be  expressed  first  in  terms  of  first  order 
derivatives  of  y  and  V  at  constant  entropy,  and 
then  in  terms  of  derivatives  of  y  and  a  at  con¬ 
stant  entropy. 


3.1  G  and  H  in  Terms  of  Second  Derivatives 
of  E 

Taking  logs  and  differentiating  (8)  wrt  fap  at 
constant  v  and  wrt  fa  v  at  constant  p  gives  from 
(19) 

g  =  i  +  ypEpp  ~  v^vp +  ^ 

yEp 

H  =  v(yPEpv  vEyv) 

ypEp 


(23) 

(24) 


3.2  G  and  H  in  Terms  of  Derivatives  of  y 
and  f 


We  begin  by  differentiating  T  from  equation 
(6)  logarithmically  wrt  fa  p  and  then  fa  v 


_  _  PEpp 
0fap/v  Ep 

3faf\  _  _  vEpv 

afav/p  ep 


(25) 

(26) 


We  also  note  that  along  an  adiabatic,  regarding 
f  as  a  function  of  p  and  v 
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It  can  be  shown  that 

4  =  1£) 

Vv 

Where  K  is  the  bulk  modulus,  by  using  (23)  and 
remembering  that  K  =  yp. 

It  is  not  possible  to  express  Evv  in  terms  of 
derivatives  of  f,  but  corresponding  to  (27) 

3fay\  -  3fay\  _  y  3  fay  A 
Sfap'y 


Sfav'g  3favvp 
Hence  from  (19) 

H  =  yG  -  |g)s 

Swan  and  Thornhill  (4)  defined  d  the  second 
adiabatic  exponent  in  terms  ^f  second  and  third 
order  derivatives  of  E  wrt  v  at  constant  S.  It 
is  shown  in  the  appendix  that 


6  =  y  + 1  -  9 

3  fav' 


(32) 


Hence 

H  =  d  -  A  -  1  (33) 

It  is  also  interesting  to  note  from  (29)  that  the 
denominator  in  equations  (20)  to  (22) 

y(l  -  G)  +  1  +  H  =  d  (34) 

Hence  the  derivatives  of  D,  p,  and  v  and  y  along 
the  trajectory  of  CJ  states  are  given  in  non- 
dimensional  form  by 

3fa  D  _  y(y  -  1  —  D . 

3fae0  2y  -  r  ’ 

12!  =  2r(y_+ jj2  (35) 

3E0  2y  —  r 


1^  =  {  y  _  ( 

3fap0  y  V 


y  +  d  -  ANr  ,  (y  +  1) 

2  y 


P)n 


3far\ 

3fav4 

3far\  .  sfar-v 

3fav/D  y  3  fap/  v 

(27) 

1  3Pcj 

or 

r  v 

Qo  3E0 

3far\  = 

1  4-  XP^PP  ~  VEpv 

(28) 

3favcj 

3fav'g 

EP 

3fav0 

Hence  combining  with  (23)  and  (6)  to  eliminate 

p.  Sv=i 

derivatives  of  E  we  find 

Pq  3E0 

G  =  1  —  - 
y 

(29) 

llXci  = 

where 

3fae0 

A  = 

=  r  +  1  -  a?1") 

3fav/g 

(30) 

(— )  ( 
V2y  -  P  V 


*'2y  -  P  v  6 

7  "  A  \  r  ,  (y  +  1) 


)  (r  + 1) 

(36) 


=  { 1  -  (11 -a  ^  1 } 
X  V2y  -  r  /  y  * 


2y— T 


(37) 


X  (r  +  1); 


(2y-r) 


D2  dycj  =  -  (__H_)  (r  +D3  (38) 

3E0  2y  -  r  d 

3.3  G  and  H  in  Terms  of  Derivatives  of  y  and  a 

Following  the  same  path,  but  differentiating 
a  logarithmically  wrt  p  at  constant  ent  spy 


3faa  \  =  1  _  yPEvp  ~  yEv 
3  fap  'S  yP< 


(39) 


Eliminating  derivatives  of  E  using  (6),  (8)  and 
(24)  gives  an  expression  for  H 

H  =  rx  -  1 

where 


1 


X  = 


_  3faq 
3  fap 


(40) 

(41) 


a  +  1 

and  it  can  be  shown  that 

X  =  )p  (42| 

3v 

To  find  an  expression  for  G  it  is  necessary  to 
use  the  adiabatic  derivative  of  y  wrt  p  giving 


G  =  JL 
Y 


AM  \ 

3  fap  'S 


(43) 


It  is  shown  in  the  appendix  that  correspond¬ 
ing  to  Thornhill’s  adiabatic  exponent  there  is 
a  pressure  exponent  £ 


i  i  dfay  »  1 
1  +  “cFfap  *SJ 


HI 

Hence  from  (40),  (43)  and  (44) 

g  =  x-4 


(44) 


(45) 
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As  before  the  denominator  in  equations  (20)  to 
(22)  simplifies  to 


Partially  differentiating  (51)  wrt  p  and  v  gives 


y(l  -  G)  +  1  +  H  =  y(l  +  4)  (46) 

Hence  from  (20)  to  (22)  the  differentials  of  the 
CJ  conditions  become  in  non-dimensionalised 
form 

dlnD  _  y  +  1  _  1; 
dlnQ0  a  +  2 

3D 2  _  2a(y  +  l)2  (47} 

3E„  o  +  2 


1^  =  (1  -  gtL +JC1)  (L±i); 

d  'hQ0  o  +  2  1+4 

J-  -Isi  =  (_2o_)  (  L±JC)  (y  +  1)  (48) 

Q0  3E0  o  +  2  1  +  4 

dfavcj  =  {l  _  o(Y  -  4)\  (v  +  1) . 

d(nvn  X  o  +  2  y(l  +  4)’ 


p cj^i  =  -  (f=-|) 

CJdE()  o  +  2  1+4 


3/np0  o  +  2 

iL±JI  ; 
yd  +  4) 

D2il£L  =  -  (-j£— )(y..t  (50) 

dE0  o+2  1+4 

4.  EXAMPLE  -  THE  JWL  EQUATION  OF 
STATE 

As  an  example,  we  consider  the  JWL  equa¬ 
tion  of  state  (5)  for  detonation  products,  which 
is  of  Gruneisen  form  with  constant  Gruneisen 
Gamma.  It  can  be  written 

E  =  PA  ~  (IliZ — ^)A  exp  (—  kiv) 
w  k,w 


Ev  =  [p  +  (kjV  -  1  -  w)A  exp  (-  kjv) 

+  (k2v  -  1  -  w)B  exp  (-  k2v)J/w  (53) 


Hence  from  (6) 


k2v  -  w 


)B  exp  (~  k2v) 


T  =  v/Ep  =  w  (54) 

o  =  p/Ev  =  w/[l  +  -^-{(kjV  -  1  -  w)A  exp 
L  P 

(-  kjv)  +  (k2v  -  1  -  w)B  exp 

(-  k2v)}j  (55) 

So  that  T  is  constant  and  o  is  a  function  of  p 
and  v,  s.t  o  “*•  w  as  v  °°. 

From  (9)  we  can  find  y 

vffi}L+pl=1+w 

pBp 

+  JjkjV  -  1  -  w)A  exp  (-  kjv) 

+  (k2v  -  1  -  w)B  exp  (-  k2v)j/p  (56) 
So  that  y  “Ml  +  w)  as  v  -*■ 

The  second  derivatives  of  E  are 


Epp  ==  0 

Epv  =  - 

F  w 


Evv  =  -  — (k,v  -  2  -  w)A  exp  (-  k^) 
w 

-  i^(k2v  -  2  -  w)B  exp  (-  k2v)  (59) 
w 

From  these  equations  we  can  find  the  non- 
dimensional  parameters 

a  -  ddny  \  =  i  +  yPEpp  ~~  V^E yp  +  D 

dtvp  'v  yE 


where  A,  B,  kj,  k2  and  w  are  constants  for  a 
given  explosive. 
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_  1  +  w 

y 


(60) 


H  =  —  9  fay  j  =  v(ypEpV  vEw)  —  1 

3ferv  P  ypEp 

=  [  kjvfkjv  -  2  -  w)  A  exp  (-kjv) 

+  k2v(k2v  -  2  -  w)  B  exp  (— k2v)  ] 

/  (yp)  (61) 

sc  that 

A  =  r  +  1  -  HaE  )„  =  1  +  w  (62) 
9fhv  s 

and  6,  x  and  4  follow  from  (33),  (40)  and  (45). 
In  particular 

6  -  y  +  1  -  3  fay  )c  =  H  +  A  +  1 
Sftiv 

=  2  +  w  +  [kjvfkjv— 2— w)  A  exp 
(— kjv)  +  k2v(k2v-2-w)  B  exp 
(“M]  /  (yp)  (63) 

4.1  Numerical  Example 

In  reference  (6),  Bailey  et  al.  gave  the  JWL 
parameters  for  an  explosive  with  composition 
95  w/o  HMX,  5  w/o  polyurethane  as 

Q0  =  1.787  g/cc 
pcj  =  0.36  Mbar 
A  =  7.41073  Mbar 
B  =  0.0180222  Mbar 
C  =  0.0180019  Mbar 
D  =  0.8761  cm/gs 
E0  =  0.0713979  Mbar  cc/g 
k,  =  7.95215  g/cc 
k2  =  2.8592  g/cc 
w  =  0.25 

which  has  non-dimensional  parameters 
ycj  =  2.81004 

a  =  0.0976548  T  =  0.25 

G  =  0.555166  H  =  0.862667 

6  =  3.11267  A  =  1.25 

4  =  0.107695  X  ~  0.662862 

and  some  non-dimensional  derivatives  of  the  CJ 
state  are 

dfa°  =  0.816  12!  =  1.352 

3fap0  dE0 


9fapcj  =  3.17  1  9  Pcj  =  0.533 

3fae0  e0  9E0 

9faycj  =  1.192  pcj  9vc.j  =  -  0.0467 


=  -  0.733  D2  lla  =  -  2.581 
9fae0  9E0 

It  is  convenient  to  evaluate  the  changes  in  the 
CJ  parameters  for  a  change  of  0.01  g/cc  in  den¬ 
sity  and  100  cal/g  in  E0 


+  0.01  g/cc 

+  0.04  mm/gs 
+  6.4  kbar 

-  0.0028  cm3/g 

-  0.012 


+  100  cal/g 

+  0.032  mm/ps 
+  4.0  kbar 

—  0.00054  cm3/g 

-  0.014 


Note  that  if  a  simple  polytropic  equation  of 
state  had  been  used  the  derivatives  would  have 
been  totally  different.  For  a  perfect  gas  with  y 
=  ycj  =  2.81004 


9fac0 


=  2  (y2  —  1)  =  13.79 


d  fapcj  1  9  pCj 

- =  1  —  — a  =  2(y  -  1)  =  3.620 

9fae0  e0  9Ed 


Sftiv.i 


9vcj 

Pcj  9E0  "  ° 


9fayCj 


SUMMARY 

The  Jones-Stanyukovich-Manson  relations  for 
the  partial  derivatives  of  detonation  velocity 
with  initial  loading  density  e0  and  detonation 
energy  E0,  have  been  extended  in  this  paper  to 
give  the  derivatives  of  pcj,  vcj  and  yCj  with  q0 
and  E0  in  terms  of  second  order  derivatives  of 
a  general  E(p,v)  equation  of  state  for  the  detona¬ 
tion  products.  Typical  values  of  the  derivatives 
have  been  calculated  from  the  JWL  parameters 
of  an  HE. 
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Given  one  evaluation  of  CJ  conditions  and  an 
eauation  of  state,  the  derivatives  can  be  used, 
for  example,  to  estimate  the  CJ  pressure  at  a 
slightly  different  loading  density  or  composi¬ 
tion,  or  at  a  different  initial  temperature. 
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'  3v  'p 


l-( 


3  too 
3  top 


>S 


1  +  a 

^  ypvEpv  -  v2Ev 


“'W 


yv(Ev  +  p) 


(A4) 


r--(  p  i .-v|Ev  +  p|  (as) 

'  r\  n  f  O  n 


0&1V 


PEC 


6  =  y  +  1  -  (  ) 


—  _v_ 
E„ 


{  1- 


dfav  ' s 

y2P2Epp  -  2ypvEDV  +  v2E 


pv 


ypv 


W  J 

(A6) 


=  •—£—  { 1  —  f  X  2  P  2  Epp  —  2ypvE 
(Ev  +  p)  L  pp 


pv 
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y  =  T  (a  +  1)  /  a  (A8) 

6  =  y(l  +  £)  =  YX  +  A  (A9) 

Swan  and  Thornhill  (4)  define  the  first  and  sec¬ 
ond  Adiabatic  Exponents  as 


APPENDIX 

Summary  of  Parameters  and  Their 
Adiabatic  Derivatives 

In  terms  of  first  and  second  partial  deriva¬ 
tives  of  specific  internal  energy,  the  thermo¬ 
dynamic  parameters  used  in  this  paper  are 

r  =  v/Ep  (Al) 

a  =  {  ££  ,  =  r  +  i  -  (  v 

1  0p  ,v  1  3&iv  's 

=  _L  {  1  +  ypvEyp  -  y2P2Epp  }  (A2) 
Ep  ypv 


=  (A10» 


d  =  —  v  a3E  .  /  a2 E 

-fa5  >S  I  »  S 
Correspondingly  4  can  be  defined  by 


4 


32E 


)J 


3E 


3p2  b  3p 


(All) 


(A12) 


from  wh'ch  the  first  parts  of  equations  (A6)  and 
(A7)  follow,  by  differentiating 

p  =  -  3E 


a  -  p/Ev 


(A3)  and  using  (A5). 
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EQUATION  OF  STATE  FOR  DETONATION  PRODUCTS 


W.  C.  Davis 
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Los  Alamos,  N.M.  87545 


The  concepts  of  hydrodynamics  and  thermodynamics  as  they  apply 
to  equations  of  state  for  explosive  products  are  collected  and  dis¬ 
cussed  The  physics  behind  the  behavior  of  dense  gases  is  considered 
Some  ideas  about  applications  are  presented  This  paper  is  intended 
■is  an  introduction  to  the  subject  of  equation  of  state  for  detonation 
products. 


I.  INTRODUCTION 

The  concepts  and  formulas  that  are  pertinent 
to  the  development  and  use  of  an  equation  of 
state  for  explosive  products  gases,  taken  from 
hydrodynamics,  thermodynamics,  and  the 
phycics  of  gases  are  collected  and  discussed  in 
this  paper.  Perhaps  having  them  collected  in 
one  place  will  help  clarify  the  confusing  subject 
usually  ..ailed  “equation  of  state’’  by  those  who 
work  with  explosives. 

The  second  and  third  sections  are  devoted  to 
the  equations  of  hydrodynamics  and  their  solu¬ 
tions.  The  fourth  section  presents  thermo¬ 
dynamics  for  use  with  hydrodynamics,  and  the 
fifth  a  discussion  of  incomplete  equations  of 
state  as  they  are  used  for  explosives.  The  sixth 
section  presents  the  simple  physical  principles 
that  determine  the  general  form  for  an  equation 
of  state.  Sections  seven,  eight,  and  nine  discuss 
engineering  applications,  the  choice  of  a  fitting 
form  for  an  equation  of  state,  and  the  calibra¬ 
tion  of  the  fitting  form. 

This  paper  is  intended  to  be  an  introduction 
to  the  mysteries  of  the  jubject,  and  is  certainly 
not  the  final  description  of  all  the  intricacies. 

II.  EQUATIONS  OF  HYDRODYNAMICS 

The  equations  for  the  conservation  of  mass, 
momentum,  and  energy,  for  How  in  one  dimen¬ 


sion,  can  be  written  as 
v  -  vux  =  0  (2.1) 

u  +  vpx  +  A  =  0  (2.2) 

(  E  +  Viu2  )  +  v(pu)x  _  g 

where  v  is  the  specific  volume,  u  is  the  particle 
velocity,  p  is  the  pressure,  and  E  is  the  specific 
internal  energy.  The  dot  denotes  the  total  time 
derivative  such  that  v  =  dvlSt  +  u  dvldx,  and 
ux  =  duldx  is  a  partial  derivative.  In  Eq.  (2.3) 
the  term  E  +  Viu2  is  the  sum  of  the  internal 
and  kinetic  energies,  and  is  the  total  specific 
energy  of  the  fluid  element.  The  term  A  in  Eq. 
(2.2)  represents  nonequilibrium  processes  that 
transfer  momentum,  usually  viscous  effects. 
The  term  B  in  Eq.  (2.3)  represents  nonequilib¬ 
rium  processes  that  transfer  energy,  usually 
viscous  and  thermal  diffusion  processes. 

In  addition  to  these  equations,  there  is  an 
equilibrium  equation  of  state  for  the  material 

E  =  E(p,v)  (2.4) 

that  describes  the  equilibrium  material  proper¬ 
ties.  The  equilibrium  equation  of  state  can  be 
used  to  expand  the  term  in  fi  in  Eq.  (2.3)  cs 

fi  =  Epp  +  Evv  ,  (2.5) 

where 
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Ep  =  (3E/3p)v  ,  Ev  =  <3E/3v)p  .  (2.6) 

Equation  (2.3)  can  be  written,  after  doing  the 
indicated  differentiation  and  substituting  terms 
from  Eqs.  (2.1).  (2.2),  and  (2.5),  as 

A  +  '  lEv  t  p>  (p/v)  v  =  (v/E  )(uA  +  B)/v  • 
PEP  (2.7) 

The  coefficients  that  describe  the  material  prop¬ 
erties  have  their  own  special  names.  The  coef¬ 
ficient  (v/Ep)  is  called  the  Gruneisen  gamma 
and  is  represented  as 

v/Ep  =  T  .  (2.8) 


The  first  equation  can  be  immediately  in¬ 
tegrated  to  give  u/v  =  constant.  If  we  require 
that  *he  shock  wave  be  localized  near  x  =  0  with 
the  material  flowing  in  the  positive  direction 
from  negative  values  of  x  at  velocity  u0,  and  set 
the  specific  volume  in  the  undisturbed  material 
at  v0,  then  the  solution  is 

u/v  =  u0/v0  •  (3.4) 

For  the  solution  of  the  next  two  equations  more 
information  about  A  and  B  is  needed.  In  the 
Navier-Stokes  equations, 

A/v  =  —  JL  [<4/3)gux]  (3.5) 


The  coefficient  v(Ev  +p)/pEp  is  called  the 


adiabatic  gamma  and  is  written 
v(Ev+  p)/pEp  =  y  .  (2.9) 

With  these  definitions,  Eq.  (2.7)  becomes 
p/p  +  yv/v  =  T (uA  +  B)/pv  •  (2.10) 

The  conservation  equations  Eqs.  (2.1),  (2.2), 
and  (2.3),  can  new  ba  replaced  by 

v  -  vux  =  0  (2.11) 

u  +  vpx  +  A  =  0  (2.12) 

p/p  +  yv/v  =  r (uA  +  B)/pv  •  (2.13) 


All  the  description  of  the  material  is  given  in 
the  two  derivatives,  y  and  T.  If  the  two 
derivatives  ore  given  as  functions  of  p  and  v, 
the  equations  are  a  complete  set  of  three  equa¬ 
tions  with  three  dependent  variables. 


B/u  =  (vjn0)  JL[(4/3)puux  kTx]  (3.6) 

Equation  (3.2)  can  be  written,  using  Eq.  (3.4) 
and  (3.5),  as 

(u0/v0)ux  +  px  -  JL[(4/3)pux]  =  0  (3.7) 

3  x 

and  immediately  integrated  to  give,  with  the 
boundary  conditions  imposed, 

P  -  Po  ”  e<,uoK  -u)  +  (4/3)pux  ,  (3.8) 

where  q0  -  l/v0.  After  dividing  by  u,  and  us¬ 
ing  Eq.  (3.1)  to  eliminate  ux/u,  one  can  write  Eq. 
(3.3)  as 

Ex  +  uux  +  vpx  +  pvx 
=  (v0/u0)  A[(4/3),iUUx  +  kTx]  ,  (3.9) 


III.  SOLUTIONS  OF  THE  EQUATIONS 

The  equations  of  hydrodynamics  have  simple 
solutions  for  special  cases,  and  these  solutions 
allow  some  insights  into  the  physical  meaning 
of  the  various  terms  in  the  equations. 

Let  us  first  consider  the  important  case  of  a 
steady  shock  wave  propagating  in  the  material. 
Steady  means  independent  of  time,  and  thus  the 
partial  derivatives  with  respect  to  time  in  Eqs. 
(2.1),  (2.2),  and  (2.3)  are  all  zero.  The  equations 
become 

uvx  -  vux  =  0  (3.1) 

uux  +  vpx  +  A  =  0  (3.2) 

uEx  +  u2ux  +  vupx  +  vpux  =  B  •  (3.3) 


and  this  can  be  integrated  to  give,  with  the 
boundary  conditions  imposed, 

(E  +  pv)  -  (E0  +  p0v0)  =  !/2(u2  -  u2) 

+  (v0/u0)[  (4/3)puux  +  kTx|  •  (3.10) 

Far  from  the  shock  in  the  region  of  large 
positive  x,  the  terms  in  Eqs.  (3.8)  and  (3.10)  con¬ 
taining  derivatives  have  decreased  to  zero,  and 
the  Eqs.  (3,4),  (3.8),  and  (3.10)  can  be  written  as 
the  usual  jump  conditions  for  a  steady  shock 
wave.  These  are 

v/v0  =  u/u0  (3.11) 

or 

v/v0  =  1  -  (u0  -  u)/u0  (3.12) 
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for  the  conservation  of  mass,  from  Eq.  (3.4). 
Equacion  (3.12)  is  written  to  correspond  to  the 
more  familiar  form  in  laboratory  coordinates, 
where  the  mass  velocity  is  (u0— u).  Equation 
(3.8)  becomes 


P  “  P0  =  Couo<uo  “u>  -  '3-13) 

already  in  its  familiar  form.  It  can  also  he  writ¬ 
ten,  using  Eq.  (3.12)  to  eliminate  (u0  —  v),  in  its 
Rayleigh  line  form  as 

P  “  Po  =  eouo<vo  “  v)  •  (3.14) 

Equation  (3.10)  can  be  written  in  i\s  several 
familiar  forms  as 

(E+pv)  -  (E0+p0v0)  =  Vi  u2  -  Vau2  (3.15) 
E  —  E0  =  J/2(u0-u)2  +  Po(v0-v)  (3.16) 


Sx  =  -  (v/T)  JL  [(4/3)pux] 

+  (Vo/u0)  (1/T)  JL  [(4/3)puux  +  kTx]  (3.20) 

The  equation  can  be  simplified  to 

Cou0Sx  =  (4/3)M(u//T  +  (k/T)  A  (Tx)  .  (3.21) 


3x 


Integration  then  gives 
e*u0(S  -£,)  =  i  (Jl.) 


/x  Jl  ('ll) 

xo  T2  3x 


dx 


+  fx  (4/3)p  dx 
x0  t 


(3.22) 


E  -  E0  =  ‘/2(p  +  p0)  (v0~v)  .  (3.17) 

Equation  (3.16)  is  obtained  from  (3.15)  by 
substituting  p  =  p0  +  (u/v)(u0— u),  which  is  ob¬ 
tained  from  Eqs.  (3.13)  and  (3.11).  Equation 
(3.17)  is  obtained  from  (3.16)  by  substituting  for 
one  of  the  terms  (u0— u)  from  Eq.  (3.13),  and  for 
the  other  one  in  the  squared  term  from  Eq. 
(3..1 2).  These  equations  describe  the  conditions 
far  from  the  shock  wave,  relating  the  properties, 
on  the  two  sides  of  the  shock. 


While  the  first  term  on  the  rhs  is  zero  far  from 
the  shock,  the  two  integral  terms  are  positive 
contributions  to  the  entropy. 

At  this  point,  although  it  has  nothing  to  do 
with  finding  special  solutions  to  the  equations, 
let  us  look  briefly  at  the  viscous  terms  in  the 
equations,  represented  by  A  and  part  of  B  in 
Eqs.  (2.2)  and  (2.3)  or  (3.2)  and  (3.3).  Often 
writers  use  the  term  “viscous  pressure,”  usually 
denoted  by  q,  and  it  is  identified  with  the  terms 
in  Eqs.  (3.5)  and  (3.6)  as 


The  details  of  the  shock  itself  can  be  obtained 
by  integrating  Eqs.  (3.8)  and  (3.10),  considering 
them  as  the  differential  equations  that  describe 
the  shock  itself.  Some  additional  assumptions 
about  the  equation  of  state  and  the  values  of 
the  shear  viscosity  p  and  thermal  conductivity 
k  are  required.  The  problem  is  well  treated  by 
Hayes  (1). 

The  jump  in  entropy  is  also  interesting.  The 
equations  show  that  the  entropy  is  increased  by 
the  dissipative  processes  in  the  shock.  From  the 
first  law  of  thermodynamics 

TdS  =  dE  +  pdv  ,  (3.18) 

one  can  write 

TSX  =  Ex  +  pvs  .  (3.19) 

Using  Eqs.  (3.7)  and  (3.9)  to  substitute  for  terms 
on  the  rhs,  one  finds 


q  =  —  (4/3)p  ux  •  (3.23) 

For  numerical  solution  of  the  equations,  ar¬ 
tificial  viscosity  is  used  to  make  the  solutions 
of  the  equations  stable  to  perturbations  by 
numerical  noise.  Many  different  forms  have 
been  used  for  q.  We  see  thf  t  q  has  the  dimen¬ 
sions  of  pressure,  and  that  the  coefficient  of  ux 
in  Eq.  (3.23)  must  be  a  product  of  density, 
velocity,  and  distance.  The  important  distance 
for  numerical  stability  is  the  mesh  spacing  Ax 
for  the  calculation,  and  the  density  q  must  be 
the  local  density,  but  the  velocity  term  can  be 
chosen  to  make  the  numerical  oscillations  damp 
in  optimal  fashion.  Some  popular  choices  are  the 
Landshoff  form 

q-v  -  gcAxux  (3.24) 

using  the  sound  velocity,  the  Richtmyer-von 
Neuman  or  quadratic  form 

q  ~  —  c(Axux)Axux  (3.25) 
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using  Axux  as  a  velocity,  and  the  Harlow  or  PIC 
form 

q  ~  —  euAxux  (3.26) 

using  the  local  particle  velocity.  In  a  numerical 
calculation  all  three  forms  may  be  used  in  linear 
combination,  with  dimensionless  multipliers 
chosen  for  optimum  damping. 

Now  let  us  turn  away  from  the  strong  shock 
wave,  and  look  for  solutions  corresponding  to 
the  propagation  of  an  infinitesimal  disturbance, 
a  sound  wave.  We  wish  to  consider  a  uniform 
medium  with  no  strong  gradients,  so  the  vis¬ 
cous  and  heat  conduction  terms  are  negligible. 
We  use  Eqs.  (2.11),  (2.12),  and  (2.13),  rewritten 


here  as 

v  -  vux  =  0  (3.27) 

u  +  vpx  =  0  (3.28) 

p/p  +  yv/v  =  0  •  (3.29) 

We  look  for  solutions  for  infinitesimal  waves 
moving  at  constant  velocity  c  without  change 
of  chape,  described  by 

v  =  v0  +  v,f(x  -  ct)  (3.30) 

u  =  0  +  Ujfix  -  ct)  (3.31) 

P  =  P0  +Pifix  -  ct)  ,  (3.32) 

where  Vj.  Uj,  and  pj  are  very  small.  Differen¬ 
tiating,  and  neglecting  terms  higher  than  first 
order  in  the  small  perturbations,  we  find 

v  =  cvjf'  (3.33) 

u*  =  ujf  (3.24) 

u  =  -  cujf’  (3.35) 

Px  =  Pif’  (3.36) 

P  =  -  cpjf  .  (3.37) 

Substituting  these  values  into  the  original  dif¬ 
ferential  equations  gives 

cvj  +  v0v!  =  0  (3.38) 

CU]  -  VoP!  =  0  (3.39) 

Pi  +  (xpAjJv,  =0  .  (3.40) 

From  Eqs.  (3.38)  and  (3.39)  we  find 

c2  =  -v*  Pi/vj  ,  (3.41) 


corresponding  to  the  usual  definition 

c2  =  -v2(3p/3v)s  (3.42) 

if  px  and  vx  are  infinitesimals.  Using  Eqs.  (3.40) 
and  (3.41)  we  find 

y  =  c2/p0v0  ,  (3.43) 

corresponding  to  the  usual  definition,  after  we 
substitute  from  Eq.  (3.42), 

y  =  ~  (v/p)  (3p/3v)g  •  (3.44) 

Thus  we  have  shown  that  our  equations 
describe  a  medium  that  transmits  sound  waves 
and  the  y,  defined  by  Eq.  (2.9),  is  simply  the 
square  or  the  dimensionless  sound  speed. 

In  Eqs.  (3.27)  through  (3.29)  the  dissipative 
terms  A  and  B  were  neglected.  Inclusion  of 
these  terms  allows  for  dissipation  of  energy,  and 
therefore  attenuation  of  sound.  For  most  cases 
of  physical  interest,  the  damping  is  small.  The 
sound  velocity  remains  that  for  the  non- 
dissipative  case.  Discussions  of  the  damping  are 
given  by  Bond,  Watson,  and  Welch  (2),  and  by 
Lighthill  (3). 

IV.  THERMODYNAMICS  FOR 
HYDRODYNAMICS 

Compressible  flows  usually  contain  large 
regions  where  the  flow  is  approximately  isen- 
tropic  separated  from  other  isentropic  regions 
by  small  regions  where  the  flow  is  strongly 
nonequilibrium  and  nonisentropic.  The  natural 
thermodynamic  potential  to  describe  such  flows 
is  the  specific  internal  energy  E,  writtei  as 

E  =  E  (S.v)  (4.1) 

where  S  is  the  specific  entropy  and  v  is  the 
specific  volume.  For  the  regions  of  isentropic 
flow  the  potential  E  is  a  function  only  of  volume. 

The  differential  expansion  of  Eq.  (4.1)  is 

dE  =  T  dS  -  p  dv  (4.2) 

where 

T  ~  (3E/3S)V  and  p=  -  (3E/3v)s  (4.3) 

The  independent  variables  S  and  v,  and  the 
variables  obtained  from  the  first  partial 
derivat’’  cs,  are  the  variables  of  thermody¬ 
namics. 
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The  derivatives  of  these  variables  can  be  ex¬ 
pressed  as  second  derivatives  of  the  potential. 
There  are  three  independent  second  derivatives, 
so  all  the  derivatives  can  be  expressed  in  terms 
of  three  independent  second  derivatives.  In 
what  follows,  we  use  the  subscript  notation  for 


differentiation,  so  that,  for  example, 

Ew  =  <32E/3v2)s  (4.4) 

and  the  independent  variable  held  constant  is 
obvious  from  the  context.  The  definitions  used 
here  are 

Y  =  vEvv/p  =  -  (v/p)  (dpi 3v)g  (4.5) 

r  =  -  vESv/T  =  -  (v/T)(3T/3v)s 
=  (v/T)(3p/3S)v  (4.6) 

g=  pvEgS/T2  =  pv/CvT  •  (4.7) 


These  three  partial  derivatives  form  the  stand¬ 
ard  set  for  hydrodynamics;  all  other  thermody¬ 
namic  first  derivatives  can  be  written  in  terms 
of  them. 

The  meaning  of  these  second  derivatives  that 
form  the  standard  set  for  hydrodynamics  may 
be  made  clearer  by  considering  the  following 


expressions: 

y  =  —  (3  In  p/3  In  v)s  (4.8) 

r  =  -  (3  In  T/3  In  v)s  .  (4.9) 

Now  suppose  that  y  and  f  are  constants.  Then 
one  can  integrate  to  find,  on  an  isentrope,  that 

pv^  =  constant  (4.10) 

Tvr  =  constant .  (4.11) 

Similarly,  one  can  write 

T(TS/pv)  =  (3  In  p/3  In  S)v  (4.12) 

g(TS/pv)  =  (3  In  T/3  In  S)v  (4.13) 


and  integrate  these  to  get  expressions  on  the 
curves  of  constant  volume.  (The  factor  TS/pv 
enters  because  we  did  not  use  S  when  we  made 
the  second  derivatives  dimensionless.)  Since  we 
do  not  measure  S,  perhaps  the  ratio  of  the  two, 

Tr/pg  =  constant  (4.14) 

on  a  curve  of  constant  volume,  is  more  useful. 


In  the  real  physical  case  y,  I",  and  g  are  not 
constants,  yet  the  expressions  obtained  this 
way  are  tangents  to  the  real  curves  at  points 
where  the  exponents  have  the  chosen  values. 

Thermodynamics  books  usually  use  another 
standard  set  of  derivatives,  obtained  from  the 
Gibbs  potential,  G  =  G(T,p),  defined  as 

Cp  =  —  TG-jvp  (4.15) 

P  =  G-rp/v  (4.16) 

*T=  “  Gpp/v  •  (4.17) 

The  reason  for  this  choice  is,  of  course,  that 
many  experiments  are  done  with  either  T  or  p 
held  constant,  and  G(T,p)  is  the  natural  poten¬ 
tial.  This  usual  standard  set  can  be  expressed 
in  terms  of  the  hydrodynamic  standard  set  as 
follows: 

Cp  =  (pv/gT)y/(y  -  r2/g)  (4.18) 

p  =  <f7gT)/(y  -  r2/g)  (4.19) 

XT  =  p-1/(y  -  T2/g)  .  (4.20) 

The  denominator  in  each  expression  can  be 
shown  to  be  -  (v/p)(3p/3v)T,  and  it  must  be 
positive  to  ensure  mechanical  stability  (4).  For 
an  ideal  gas  the  denominator  is  one. 

The  choice  of  symbols  is  hopelessly  confusing. 
Various  authors  use  various  symbols;  worse 
still,  they  use  the  same  symbols  with  different 
meanings.  Until  some  standardization  takes 
place,  readers  will  just  have  to  resign  them¬ 
selves  to  being  very  careful  to  check  the  defini¬ 
tions.  Perhaps  the  most  bothersome  is  our 
definition  of  the  adiabatic  gamma.  The  symbol 
y  has  been  widely  used  for  many  years  to  denote 
the  ratio  of  specific  heats;  our  definition,  com¬ 
mon  in  hydrodynamics,  is  given  by  Eq.  (4.5). 
The  adiabatic  gamma  and  the  ratio  of  specific 
heats  are  identical  for  an  ideal  gas,  but  not  for 
real  gases,  as  can  be  seen  by  combining  Eqs. 
(4.7)  and  (4.18). 

One  higher  derivative  is  important  in  the  con¬ 
text  of  empirical  equations  of  state.  It  is  called 
the  “fundamental  derivative  of  gas  dynamics” 
by  Thompson  (5),  and  is  defined  as 

G  =-*  Vi  [y  4-  1  -  (v/y)(3y/3v)g  ]  .  (4.21) 

For  ordinary  materials,  G  is  positive.  Its  impor¬ 
tance  is  that  when  G  is  positive,  compression 
shock  waves  form.  If  G  is  negative,  rarefaction 
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shocks  form.  For  the  purposes  of  this  paper,  one 
must  be  careful  not  to  choose  forms  for  gamma 
that  lead  to  G  less  than  zero  unless  rarefaction 
shocks  are  desired.  G  can  also  be  written,  us¬ 
ing  the  notation  of  Eqs.  (4.5)  through  (4.7)  as 

G  =  -  vEvvv/2Evv  •  (4.22) 

It  is  often  glibly  said  that  the  condition  for  com¬ 
pression  shocks  to  form  is  that  the  sound  speed 
must  increase  with  pressure.  Really  the  condi¬ 
tion  is  that  higher  pressure  waves  from  behind 
must  overtake  the  front,  and  they  travel  at 
velocity  u  +  c  rather  than  c,  and  u  also  increases 
with  pressure.  The  difference  can  be  made 
especially  clear  by  relating  G  to  these  deriva¬ 
tives.  It  can  be  shown  that 

/  3c\ 

VapVs  =  (G  ~l),QC ’  (4<23> 

so  the  sound  velocity  increases  with  pressure 
only  if  G  is  greater  than  1.  However, 

d<u  +c)  =  GIqc  (4.24) 

dp 

on  the  characteristics  behind  the  shock,  so  com¬ 
pression  shocks  will  form  as  long  as  G  is  greater 
than  zero. 

V.  INCOMPLETE  EQUATION  OF  STATE 

E  =  E(S,v)  is  a  complete  equation  of  state. 
All  thermodynamic  derivatives  can  be  obtained 
from  it.  E  =  E(p,v)  is  not  a  complete  equation 
of  state,  but  is  very  useful  for  hydro¬ 
dynamics. 

The  relationship  between  E(S,v)  and  E(p,v)  is 
easy  to  see.  If  one  has  E(S,v),  then  -  Ev  = 
p(S,v).  In  principle,  at  least,  this  expression  for 
p  can  be  inverted  to  give  S(p,v),  and  then  S  can 
be  eliminated  in  E(S,v)  to  give  E(p,v).  However, 
there  is  no  way  to  go  backward;  that  is,  one  can¬ 
not  get  back  from  E(p,v)  to  E(S,v).  Therefore, 
E(p,v)  is  incomplete. 

Most  of  the  experiments  in  hydrodynamics 
are  mechanical  experiments.  Their  variables  are 
p  and  v.  Temperature  and  entropy  are  not 
measured  quantities,  and  they  cannot  be  in¬ 
ferred  from  E(p,v).  On  the  other  hand,  the 
variables  that  cannot  be  measured  must  not  be 
really  needed,  or  they  could  be  measured.  For 
many  purposes  the  incomplete  equation  of  state 
E  =  E(p,v)  is  adequate. 


The  differential  of  this  incomplete  equation 
of  state  is 

dE  =  Epdp  +  Evdv  •  (5.1) 

If  we  use  Eq.  (5.1)  to  find  the  derivative  with 
respect  to  v  at  constant  S  we  get 

OE/3v)s  =  Ep(3p/3v)s  +  Ev  ,-  (5.2) 

but  we  know  that 

(3E/3v)s  =  -  p  (5.3) 

and  using  this  we  can  rearrange  Eq.  (5.2)  to  give 

-  (3p/3v)s  =  (Ev  +  p)/Ep  .  (5.4) 

Comparing  this  result  with  Eq.  (4.5)  we  find 

y  =  v(Ev  +  p)/pEp  .  (5.5) 

Similarly,  taking  the  derivative  with  respect 
to  S  at  constant  v  one  can  show  that 

(3p/3S)v  =  T/Ep.  (5.6) 

Using  this  result  with  Eq.  (4.6)  one  finds  that 

T  =  v/Ep  •  (5.7) 

The  incomplete  equation  of  state  E(p,v)  thus 
gives  the  adiabatic  gamma  and  the  Gruneisen 
gamma.  As  shown  in  Sec.  II,  it  is  adequate  for 
simple  hydrodynamics. 

From  the  incomplete  equation  of  state,  g  can¬ 
not  be  determined;  however,  a  differential 
equation  for  g  can  be  obtained,  and  g  is  thus 
determined,  except  for  a  constant,  along  an  isen- 
trope  where  y  and  f  are  known.  The  differential 
equation  is  obtained  by  requiring  that  the  par¬ 
tial  derivatives  of  E(S,v)  do  not  depend  on  the 
order  of  differentiation,  so  that  ESvg  =  ESSv. 
ESv  and  Ess  are  given  by  Eqs.  (4.6)  and  (4.7). 
Some  manipulation  gives  the  differential 
equation 

(v/g)(3g/3v)s 

=  r  +  1  —  y  —  (rp/g)(3l73p)v  •  (5.8) 

A  differential  equation  for  the  temperature  is 
also  available,  so  temperature  can  be  deter¬ 
mined,  within  a  constant  multiplier,  along  an 
isentrope.  One  form  of  Eq.  (4.6)  is 

(v/T)(3T/3v)s  =  -  T  .  (5.9) 

If  f  is  known,  this  can  be  integrated  immediate¬ 
ly,  except  for  the  constant. 
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Expressions  for  T  and  g  are  especially  useful  for 
detecting  flaws  in  the  choice  of  a  form  for  an 
empirical  equation  of  state.  One  may  not  know 
exactly  what  to  expect  for  T  or  g,  but  one  can 
expect  them  to  be  smooth,  positive,  and 
monotone  on  the  isentrope. 

VI.  PHYSICAL  PRINCIPLES 

It  was  shown  in  Section  II  that  the  adiabatic 
gamma  and  the  Gruneisen  gamma  are  the  im¬ 
portant  features  of  the  equation  of  state  for 
hydrodynamics.  In  Section  III  it  was  shown 
that  the  adiabatic  gamma  is  the  square  of  the 
dimensionless  sound  speed,  or 

y  =  c2/pv  •  (6-1) 

Here  we  ask  what  we  know  about  the  behavior 
of  the  adiabatic  gamma  and  the  Gruneisen  gam¬ 
ma  as  functions  of  specific  volume  along  an 
isentrope. 

Molecules  interact  with  each  other  when  the 
distance  between  their  centers  is  a  few  tenths 
of  a  nanometer.  In  a  gas  at  room  temperature 
and  pressure  the  average  distance  between 
molecules  is  about  3  nm,  so  most  of  the  time  a 
molecule  drifts  at  thermal  velocity,  unaffected 
by  any  other  molecule.  A  disturbance,  such  as 
a  sound  wave,  is  transmitted  through  the  gas 
by  molecules  traveling  at  thermal  velocities, 
and  the  velocity  of  a  sound  wave  is  about  two- 
thirds  of  the  average  thermal  velocity.  Colli¬ 
sions  are  rare  events.  The  details  of  the 
molecular  interaction  have  a  trivial  effect  on  the 
velocity  of  sound. 

If  the  gas,  originally  at  room  temperature  and 
pressure,  is  compressed  a  thousandfold,  so  the 
number  of  molecules  in  a  cubic  centimeter  in¬ 
creases  from  27  x  1018  to  27  x  1021,  the  average 
intermolecular  spacing  decreases  from  3.3  nm 
to  0.33  nm.  The  effect  of  a  disturbance,  a  sound 
wave,  is  transmitted  by  molecules  that  drift  a 
short  distance  and  then  collide  with  another 
molecule.  The  motion  is  then  transmitted 
through  the  molecule  by  the  electrical  forces  at 
nearly  the  velocity  of  light.  Then  there  is 
another  thermal  drift,  but  only  for  a  short  dis¬ 
tance.  Thus  when  the  intermolecular  spacing  is 
of  the  same  order  as  the  molecular  size,  the 
speed  of  sound  increases  above  the  low  density 
value.  The  change  takes  place,  for  ordinary  ex¬ 
plosive  products,  at  a  density  near  one  gram  per 


cubic  centimeter.  The  adiabatic  gamma.,  the 
square  of  the  dimensionless  sound  velocity, 
changes  markedly  with  specific  volume  in  this 
region. 

As  compression  is  continued  up  the  isentrope, 
the  sound  velocity  continues  to  increase.  Its 
value  depends  in  detail  on  the  exact  form  of  the 
molecular  interaction.  The  adiabatic  gamma, 
however,  levels  off  at  nearly  a  constant  value. 
This  happens  because  we  have  defined  gamma 
by  normalizing  with  respect  to  pv,  as  shown  in 
Eq.  (6-1).  Because  of  the  energy  in  the  molecular 
interactions,  pv/RT  increases  to  large  values. 
For  most  reasonable  forms  for  the  molecular 
repulsion,  the  adiabatic  gamma  seems  to  be 
nearly  constant  at  small  specific  volume.  It  is 
easy  to  show  that  if  the  repulsive  potential  for 
the  interaction  energy  of  two  molecules  varies 
inversely  as  the  nth  power  of  the  separation, 
there  is  an  upper  bound  for  the  adiabatic 
gamma, 

y  <  1  +  n/3  •  (6-2) 

A  schematic  plot  of  the  variation  of  gamma 
with  specific  volume  is  shown  in  Fig.  1.  It 
always  has  this  general  shape,  but  details  of  the 
potential,  and  effects  from  phase  changes  and 
phase  separation  can  cause  small  perturbations 
in  local  regions. 


Fig.  1.  The  dependence  of  the  adiabatic  and 
Gruneisen  gammas  on  specific  volume 
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It  should  be  mentioned  that  this  discussion 
is  to  be  applied  to  the  temperatures  and 
volumes  of  interest  for  explosives.  That  is, 
regions  where  the  thermal  energy  of  the 
molecule  is  much  less  than  its  ionization  energy. 
When  there  is  appreciable  ionization  and 
dissociation,  new  effects  are  important. 

The  Gruneisen  gamma  has  behavior  very 
similar  to  that  of  the  adiabatic  gamma.  At  very 
large  specific  volume, 

T  =  y  -  1  ,  (6.3) 

so  it  has  a  value  near  0.3.  It  increases  as  the 
volume  decreases,  and  levels  off  at  0.6  or  0.7  at 
small  volume.  Figure  1  shows  a  schematic 
diagram  of  the  usual  behavior  of  the  Gruneisen 
gamma. 

VII.  ENGINEERING  APPLICATIONS 

The  preceding  sections  have  been  devoted  to 
the  properties  of  the  thermodynamic  equation 
of  state  of  detonation  product  gases.  The  words 
“equation  of  state”  are  often  used  to  denote 
something  very  different. 

Explosive  systems  are  usually  designed  with 
the  help  of  computer  programs  that  solve  the 
hydrodynamic  equations.  Often  the  computed 
system  differs  markedly  from  the  actual 
physical  system.  For  example,  the  shape  may 
be  idealized  by  neglecting  glue  joints,  small 
voids,  or  plastic  potting  compounds.  The  initia¬ 
tion  is  usually  idealized  in  important  ways  and 
not  computed  in  detail.  The  chemical  reaction 
zone  is  not  modeled  properly.  The  properties  of 
the  material  being  driven,  perhaps  metal  or 
rock,  are  simplified.  And  in  the  interest  of  get¬ 
ting  things  done,  sometimes  the  mesh  size  is 
made  large  and  the  computer  does  not  give  an 
accurate  solution  of  the  equations.  All  these 
defects  are  accommodated  by  adjusting  the 
“equation  of  state.  ’ 

A  system  designer,  then,  cannot  use  a  real, 
thermodynamic  equation  of  state.  What  he 
needs  is  an  approximate  form  that  will  allow 
him  to  design  a  first  approximation  to  the  re¬ 
quired  system  using  his  computer,  with  all  its 
defects.  Then  he  must  test  his  first  design,  and 
use  the  results  to  change  the  “equation  of 
state.”  Then  he  must  try  again.  If  the  re¬ 
quirements  have  tight  tolerances,  this  iteration 
can  be  very  expensive  and  time  consuming. 


One  of  the  problems  with  the  fitting  forms  in 
common  use  is  that  they  have  so  many  ad¬ 
justable  constants.  There  are  too  many  ways  to 
adjust  the  “equation  of  state”  for  a  good  fit  to 
the  experiment.  An  “equation  of  state”  with 
just  one  adjustable  parameter  provides  all  the 
necessary  adjustment,  but  still  allows  the  user 
to  make  systematic  changes:  so  much  positive 
for  this  defect,  so  much  the  other  sign  for 
another,  etc. 

The  one  adjustable  parameter  for  a  fitting 
form  will  probably  not  be  one  of  the  constants 
in  the  form  but  some  real  physical  parameter 
of  importance  for  the  system  being  designed. 
For  example,  for  reproducing  the  results  of  a 
cylinder  test,  the  important  parameter  is  the 
cylinder  wall  energy  at  large  expansion,  and  this 
is  the  one  that  must  be  adjusted.  The  constants 
in  the  fitting  form  must  be  varied  so  that  the 
other  calibration  parameters  are  held  fixed,  and 
only  this  energy  is  changed.  For  a  shock  wave 
in  air,  the  low  pressure  expansion  is  important, 
and  for  an  overdriven  or  convergent  detonation 
the  high  pressure  region  is  the  one  to  adjust. 
The  vital  thing  is  to  adjust  only  that  important 
region,  and  to  use  only  one  parameter.  In  this 
way,  a  systematic  understanding  of  the  ad¬ 
justments  that  correct  for  various  defects  can 
be  obtained. 

Vin.  DESIGNING  A  FITTING  FORM 

The  usual  approach,  and  the  one  discussed 
here,  is  to  find  a  fitting  form  for  the  incomplete 
equation  of  state  discussed  in  Section  V, 

E  =  E(p,v)  .  (8.1) 

It  is  convenient  and  customary  to  choose  a  par¬ 
ticular  isentrope,  usually  the  principal  isentrope 
that  passes  through  the  Chapman- Jouguet 
point,  and  find  a  fit  for  it.  Because  it  is  a  par¬ 
ticular  isentrope,  any  function  on  the  isentrope 
can  be  expressed  as  a  function  of  volume  only. 
Thus  on  the  isentrope  the  specific  internal 
energy  is 

Es  =  Es(v)  ,  (8.2) 

where  the  subscript  S  is  used  to  indicate  that 
the  subscripted  variable  is  to  be  taken  on  the 
particular  isentrope.  The  definition  of  the 
Gruneisen  gamma,  given  in  Eq.  (2-8),  is 

r  =  v/Ep  ,  (8.3) 
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so  in  the  immediate  neighborhood  of  the  isen* 
trope  the  energy  may  be  expanded  as 

E(p,v)  =  Es(v)  +(v/D  [p — PS(v)J  .  (8.4) 

To  make  a  useful  equation  of  state,  it  is  as¬ 
sumed  that  Eq.  (8.4)  applies  throughout  the 
region  of  interest,  and  that  the  Gruneisen 
gamma  is  a  function  of  volume  only, 

T=  r(v)  •  (8.5) 

These  two  assumptions  are  not  as  bad  as  they 
might  seem,  because  the  entropy  produced  in 
shock  processes  in  explosive-driven  systems  is 
never  large,  and  the  region  of  interest  is  a  nar¬ 
row  strip  always  close  to  the  principal  isentrope. 

Perhaps  physical  intuition  is  best  for  the  form 
of  the  adiabatic  gamma  on  the  principal  isen¬ 
trope,  as  was  discussed  in  Section  VI.  If  its  form 
is  chosen,  one  has 

Ys  =  ys*v>  •  (8.6) 

The  definition  of  the  adiabatic  gamma,  Eq. 
(3-44),  can  then  be  written  as 

dps/Ps  =  -  Xsdv/v  •  (8-7) 

and  then  integration  gives 

PS  ~  Ps<v>  *  (8.8) 

The  internal  energy  on  the  isentrope  can  bo  ob¬ 
tained  from  the  first  law  of  thermodynamics 
with  the  entropy  held  constant, 

uc,s  =  -psdv  .  (8.9) 

Each  integration  introduces  a  constant  of  in¬ 
tegration;  *ke  one  from  the  pressure  equation, 
Eq.  (8.7),  allows  one  to  choose  the  particular 
isentrope,  making  it  pass  through  a  chosen  p,v 
point,  and  the  one  from  the  energy  equation,  Eq. 
(8.9),  sets  the  zero  of  energy,  usually  taken  so 
the  energy  is  zero  at  infinite  volume. 

The  program  outlined  here  seems  very  sim¬ 
ple,  but  when  one  attempts  to  carry  it  through, 
it  quickly  becomes  apparent  that  the  integrals 
cannot  be  exprr  ;ed  in  closed  form  if  ys(v)  is 
chosen  with  enough  complexity  to  give  a  reason¬ 
able  representation  of  its  >*eal  form.  One  response 
to  this  difficulty  is  to  let  the  integrals  be  ex¬ 
pressed  as  interpolations  in  tables  obtained  from 
numerical  integration,  or  as  series  expansions. 
Another  possible  response  is  to  divide  the 
vr  'ume  into  small  intervals  with  simple  fits  in 
ea.h  interval.  And  a  tliird  response  is  to  start 


with  the  energy  represented  by  a  sum  of  func¬ 
tions,  so  that 

Es(v)  =  lai0i(v)  . 

Then  by  differentiation  one  finds 

(8.10) 

ps(v)  =  -  Sajg’i  (v)  , 

(8.11) 

and 

ys  (v)  =  VI  a i0'i'  (v)/I  ai  0\  (v)  . 

(8.12) 

This  form  for  ys  can  then  be  fit  to  the  chosen 
form  for  ys(v).  The  widely  used  JWL  equation 
of  state  is  of  this  type. 

A  form  for  the  Gruneisen  gamma  must  also 
be  chosen.  Many  workers  have  chosen  it  to  be 
constant.  It  seems  that  a  better  choice  is  to  give 
it  the  same  form  as  the  adiabatic  gamma,  but 
with  values  near  those  discussed  at  the  end  of 
Section  VI. 

An  expression  for  the  adiabatic  gamma  off 
the  principal  isentrope  is  obtained  by  using  the 
definition  of  gamma,  Eq.  (2.9),  and  substituting 
in  the  partial  derivatives  obtained  from  Eq. 
(8,4).  After  simplifying  the  result  by 
substituting  from  Eqs.  (8.7)  and  (8.9),  the  result 
is 

y(p.v)  =  (ps/p)ys 

+  (1  — ps/p)(T  +  1-dln  Hd  In  v).  (8.13) 

This  expression  makes  it  clear  that  a  discon¬ 
tinuity  in  the  slope  of  the  Gruneisen  gamma  will 
lead  to  a  discontinuity  in  the  adiabatic  gamma 
itself.  Similarly,  Eq.  (4.21)  shov/s  that  a  discon¬ 
tinuity  in  the  slope  of  the  adiabatic  gamma  will 
lead  to  a  discontinuity  in  G.  Such  discontinu¬ 
ities  are  nonphysical,  but  it  isn’t  clear  what 
spurious  effects  might  appear  in  a  calculation 
where  an  equation  of  state  with  discontinuities 
in  the  slopes  of  either  of  the  gammas  on  the  isen¬ 
trope  was  used. 

Expressions  for  new  isentropes,  above  or 
below  the  principal  isentrope,  are  obtained  by 
integrating  Eq.  (8.13).  Hugoniot  curves  are  ob¬ 
tained  by  using  the  equation  of  state,  Eq.  (8.4), 
and  the  Hugoniot  relation 

E  -  E0  =  Vi p(v0  v)  .  (8.14) 

and  eliminating  E.  Particle  velocities  on  the 
isentrope  are  obtained  by  integrating 

dp.’iu  =  ±  c/v  =  ±  (yp !v)Vt  •  (8.15) 
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Even  for  simple  choices  of  functions  for  the 
adiabatic  gamma,  the  integration  almost  always 
has  to  be  done  numerically. 

IX.  CALIBRATION 

The  calibration  of  a  fitting  form  for  an  equa¬ 
tion  of  state  opens  opportunity  for  prejudice 
and  personal  preference.  There  are  no  absolute 
rules.  The  importance  of  various  measurements 
to  the  calibration  depends  on  the  application. 

Calibration  of  an  equation  of  state  begins 
with  the  Chapman- Jouguet  state.  A  subscript 
j  denotes  that  state  in  what  follows.  First  there 
is  the  requirement  that  the  principal  isentrope 
pass  through  the  point  pj,  Vj.  Then  there  is  the 
additional  requirement  that  the  Rayleigh  line 
and  the  Hugoniot  curve  be  tangent  at  that  point 
(the  Chapman- Jouguet  condition);  this  require¬ 
ment  is  met  by  requiring 

Pj  =  C0D|/(rj  +  i)  (9.1) 

and 

Vj/v0  =  yj/tyj  +  1)  •  (9.2) 

One  might  proceed,  for  example,  by  measuring 
the  detonation  velocity  and  the  CJ  pressure. 
Then  y-.  can  be  obtained  from  Fq.  (9.1),  and  v: 
from  Eq.  (9.2). 

The  problem  with  this  approach  is  that  ap¬ 
parently  no  one  knows  how  to  measure  CJ 
pressure.  One  need  only  thumb  through  the 
seven  Detonation  Symposium  vol’  mes  to  see 
that  there  was  no  more  agreement  n  1981  than 
there  was  in  1951,  and  that  the  disc  \ssions  get 
more  and  more  complex  with  time.  For 
calibrating  an  equation  of  state,  one  need  only 
realize  that  if  it  made  a  lot  of  difference,  it  would 
have  been  measured  by  now.  For  many  pur¬ 
poses  the  exact  value  is  not  very  important. 
This  fact  has  led  to  the  development  of  "rules 
for  gamma”,  that  give  the  vame  for  the 
adiabatic  gamma  at  the  CJ  point  simply  in 
terms  of  the  initial  density  of  the  explosive.  A 
simple  rule  that  works  satisfactorily  is 

Yj  =  1-6  +  0.8  Go  •  (9.3) 

The  initial  density  and  the  measured  detonation 
velocity  can  then  be  used  with  Eqs.  (9.1)  and 
(9.2)  to  find  pj  and  vj. 

The  second  thing  to  get  right  in  the  calibra¬ 
tion  of  an  equation  of  state  is  the  amount  of 


energy  available  for  the  system  under  con¬ 
sideration.  For  almost  any  system  there  is  a 
“cut-off  pressure”,  where  once  the  explosive 
products  have  expanded  to  the  volume  where 
the  pressure  reaches  this  value,  little  additional 
work  is  done  on  the  system.  Either  the  metal 
or  rock  breaks,  allowing  the  gases  to  escape,  or 
the  time  is  too  long  and  the  additional  accelera¬ 
tion  too  late,  or  some  other  external  condition 
makes  the  energy  remaining  in  the  products 
useless.  For  metal  systems  driven  by  explosive, 
the  cut-off  pressure  is  about  0.1  GPa  in  many 
cases.  It  has  become  customary  to  fix  the 
energy  delivered  for  an  expansion  down  to  that 
pressure  with  a  calibration  experiment.  Perhaps 
the  best  known  experiment  is  the  cylinder  test 
(6).  For  high-density,  high-energy  explosives  the 
cut-off  pressure  comes  at  an  expansion  of  six 
or  seven  times  the  initial  volume,  and  the 
cylinder  test  is  designed  to  measure  an  appro¬ 
priate  value.  For  other  explosives  and  other 
uses,  alternative  tests  have  been  used. 

The  Jacobs  engine  and  the  Fickett- Jacobs 
cycle  described  by  Fickett  and  Davis  (7)  make 
it  easy  to  understand  this  calibration.  Figure  2 


Fig.  2.  The  Fickett-Jacobs  cycle.  The  initial 
state,  unreacted  explosive  is  at  point  ft  The  CJ 
state  is  at  point  1.  The  product  gases  expand 
against  a  piston  from  point  1  to  point  2,  doing 
useful  work.  The  gases  are  cooled  so  they  con¬ 
tract  from  2  to  3,  and  this  energy  is  lost  to  the 
system.  The  gases  are  reacted  from  3  to  ft  back 
into  the  original  explosive.  To  get  all  the  gas 
uniformly  into  the  CJ  state,  work  must  be  done 
on  it,  and  this  work  is  represented  by  the  area 
0-1-4.  The  maximum  useful  output  work  is  the 
area  0-1-2 
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is  a  diagram  of  the  cycle;  it  is  described  in  the 
caption.  The  area  between  the  base  line,  the 
Rayleigh  line,  and  the  principal  isentrope  is 
equal  to  the  maximum  useful  work  that  could 
be  obtained  from  the  explosive.  Some  of  that 
energy  i»  not  useful,  because  the  pressure  is  too 
low  for  the  application.  Therefore,  the  diagram 
must  be  truncated,  as  shown  in  Fig.  3,  at  the 
limiting  useful  pressure.  For  the  useful  energy 
calibration,  the  area  to  the  left  of  the  truncation 
line  *iiust  be  made  proportional  to  the  energy 
obtained  from  the  test.  Several  rules  for  an  ap¬ 
proximate  calibration  have  been  used.  The  total 
area  is  E0,  and  the  area  to  the  right  of  the  trun¬ 
cation  line  is  E5,  so  the  rule  is 

Etest  -  E0  -  E6  -  (9-4) 

The  equation  of  state  parameters  are  adjusted 
to  satisfy  this  relationship. 


Fig.  3.  In  most  applications  of  explosives,  the 
product  gases  do  useful  work  only  when  their 
pressure  is  above  some  cut-off  pressure,  shown 
here  at  point  5.  The  useful  work  is  then  repre¬ 
sented  by  the  area  0-1-5-&0 

A  third  calibration  point  is  to  set  the  total 
energy,  E0,  equal  to  the  calculated  chemical 
energy  of  the  explosive.  Although  it  is  esthetically 
satisfying  to  have  the  work  available  equal  to  the 
chemical  energy,  it  is  not  an  important  calibra¬ 
tion  point.  In  the  first  place,  there  is  no  applica¬ 
tion  of  explosives  where  the  energy  at  low 
pressure  is  important;  if  low  pressure  could  do  the 
work,  one  wouldn’t  use  explosive.  And  in  the 
second  place,  heat  energy  of  the  explosive  is  not 
used  (see  the  segment  2.3  in  Fig.  2),  \nd  is  re¬ 
jected  to  the  surroundings.  Therefore,  E0  is  not 
equal  to  the  chemical  energy.  It  is  really  more 


important  to  get  the  sound  velocity  about  right 
at  low  pressure  than  to  worry  about  adjusting  for 
the  total  energy. 

These  calibrations  determine  the  principal 
isentrope.  The  remaining  calibration  is  for  the 
Gruneisen  gamma,  that  influences  the  values 
for  states  off  the  principal  isentrope.  Over¬ 
driven,  colliding,  and  convergent  detonations 
provide  the  data  for  determining  Gruneisen 
gamma.  So  far,  there  have  been  no  definitive 
calibrations.  If  overdriven  detonations  are  im¬ 
portant  in  the  application  of  the  equation  of 
state,  Gruneisen  gamma  should  be  adjusted  to 
fi '  the  data.  Otherwise,  the  choice  is  not  impor¬ 
tant,  and  a  simple  form  or  even  a  constant  value 
can  be  used  with  little  effect  on  the  calculations. 
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A  simplified  virial  equation  of  state  based  on  Lennard-Jones  &12 
potential  called  VLW  EOS  is  proposed  for  detonation  products.  The 
detonation  properties  of  explosives  composed  ofCHNO,  CNO,  HNO, 
NO,  HN,  CHNOF,  and  CHNV  have  been  calculated  by  this  equation, 
and  the  results  are  compared  with  experimental  data,  and  with  the 
results  computed  by  BKW  EOS  and  LJD  EOS.  The  principal  feature 
of  our  approach  is  that  the  third  and  fourth  virial  coefficients  can 
be  conveniently  obtained  from  the  well  known  second  one.  It  is  shown 
that  the  agreement  between  the  predicted  detonation  parameters  and 
the  experimental  data  is  reasonably  satisfactory. 


INTRODUCTION 


An  equation  of  state  of  detonation  products 
is  required  for  predicting  the  detonation  perfor¬ 
mance  data  so  as  to  give  guidance  to  the  direc¬ 
tion  of  explosives  development. 

The  moj>t  widely  used  equation  of  state  is  the 
semi-empirical  BKW  equation  of  state.  With  it 
and  its  FORTRAN  BKW  code,  the  detonation 
properties  of  more  than  one  hundred  explosives 
have  been  calculated  and  most  of  the  calculated 
results  are  in  good  agreement  with  the  ex¬ 
perimental  data  (9).  It  is  evident  that  the  BKW 
EOS  and  its  FORTRAN  BKW  code  have 
perfect  functions.  However,  the  detonation 
temperatures  computed  by  BKW  EOS  are 
much  lower  than  those  of  experiments.  Further¬ 
more,  for  a  few  special  explosives  whose  reac¬ 
tive  products  at  C-J  state  contain  predominant¬ 
ly  the  chemical  species  NH3  or  C02,  the  errors 
in  calculation  are  considerable.  And  it  seems  dif¬ 
ficult  to  get  essential  improvement.  For  those 
explosives,  which  nowadays  chemists  are  in¬ 
terested  in,  we  attempt  to  find  a  way  to  simplify 
the  theoretical  virial  equation  of  state  based  on 
Lennard-Jones  6-12  potential  as  an  equation  of 
state  of  detonation  products  called  VLW 


EOS  to  predict  the  detonation  properties  of 
various  explosives. 

A  FORTRAN  VLW  code  has  been  set  up.  By 
using  it,  we  have  calculated  the  detonation  prop¬ 
erties  of  some  commonly  used  explosives  com¬ 
posed  of  CHNO,  and  various  special  explosives 
composed  of  CNO,  HNO,  NO,  HN,  CHNOF,  and 
CHNF  and  the  computed  results  have  been  com¬ 
pared  with  the  experimental  data. 

The  VLW  equation  of  state  has  some  distinct 
features.  First,  good  agreement  is  obtained  be¬ 
tween  measured  and  calculated  detonation 
values.  Second,  the  calculated  detonation 
temperature  increases  with  increasing  loading 
density,  which  is  different  from  that  obtained 
by  some  equations  of  state,  but  is  in  agreement 
with  the  theoretical  work  of  Bvacco  (1)  and  that 
of  Edwards  and  Chaiken  (2).  And  third,  our 
calculations  show  that  the  detonation  products 
contain  an  amount  of  NO,  the  order  of 
magnitude  of  which  (PETN  for  example)  is  in 
agreement  with  the  experimental  data  (7),  and 
also  with  the  calculations  by  P-Y  theory  (2). 

It  seems  that  the  VLW  EOS  holds  better 
promise  for  predicting  detonation  properties. 
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THE  VLW  EQUATION  OF  STATE  OF 
DETONATION  PRODUCTS 


Theoretically  speaking,  the  equation  of  state 
of  any  gases  may  be  written  in  virial  form, 
which  was  described  in  detail  by  Hirschfelder 
and  Curtiss  (11),  and  Qian  Xuesen  (10),  that  is 


—  =1+ JL  + JL  + IL  + 

RT  v  v2  v3 


(2-1) 


where 

B  is  the  second  virial  coefficient,  C  is  the  third 
virial  coefficient,  etc.,  v  is  the  molar  volume. 

The  virial  equation  of  state  has  clear  physical 
meaning.  The  first  term  corresponds  to  the 
behavior  of  ideal  gases;  the  second  term 
describes  the  action  between  two  molecules,  and 
the  third  one  considers  the  interaction  for  three 
molecules  and  so  on.  At  lower  pressure,  the  op¬ 
portunity  of  interaction  for  more  than  three 
molecules  seldom  occurs,  so  it  is  good  enough 
to  reflect  the  gaseous  properties  with  former 
two  terms,  but  at  high  pressure  the  interaction 
of  several  molecules  cannot  be  neglected  any 
longer.  In  this  case,  the  higher  virial  coefficients 
have  to  be  considered.  Unfortunately,  as  the 
complexity  increases  rapidly  for  the  higher 
virial  coefficients,  the  calculations  of  them 
become  more  and  more  difficult,  except  the 
most  simple  hard  spheres  being  used.  This  is 
why  the  perfect  theoretical  virial  equation  of 
state  has  seldom  been  put  into  practice.  For  this 
reason,  with  the  aid  of  similarity  theory  (8),  we 
suppose  that  the  virial  coefficients  are  similar 
to  each  other,  so  higher  virial  coefficients  may 
be  obtained  from  the  second  one,  and  then  a 
facilitating  approximation  of  the  virial  equation 
of  state  can  be  obtained. 

According  to  the  classiciai  mechanics  we  have 

UD 

B(T|=  Jljr  J>  e-^m'dr  (2-2) 


Here  we  use  the  Lennard-Jones  6-12  potential 
for  (p.  Namely, 


v’(r)=4£((-~  )12-(-f  )3! 


(2-3) 


where 


£  is  the  depth  of  potential  well,  o  is  the  value 
of  r  for  which  the  potential  cp(r)=0.  And  we 
define  two  reduced  variables  as  follows 


m*_  KT  *_ 

£  ’  0 


In  addition,  it  is  necessary  to  define  another 
dimensionless  quantity 


where 


B  is  the  second  virial  coefficient. 
b0 

Thus 

B(T|=(|^r>K- X/”r-2  Jt-+  JL>. 
exp  [  -jp'pia  ~ —>dr*]=b0B*(T*)  (2-6) 


here 


B*(T*)=S  [- 

3=0 


2i+y,  i _ Ln-*“<2j+1>'4) 

4j!  1  2  4  ' 


Hirschfelder  and  Curtiss  have  shown  that  the 
third  virial  coefficient  C(T),  also  has  the  similar 
form  (11) 

C(T )=b2  C*(T*) 

The  similarity  leads  us  to  suppose  that  the 
above  expression  may  be  extended,  the  fourth 
virial  coefficient  is 


D(T)=b3  D*(T*) 

Over  the  range  of  interested,  for  T*  is  be¬ 
tween  20  and  100  (in  the  case  of  detonation,  T* 
varies  always  from  25  to  40).  we  have  found 

c'IT‘»=^r 


is  a  good  approximation  (sec  Table  2  and  Fig. 
1).  That  is,  the  reduced  third  virial  coefficient 
may  be  expressed  by  the  agency  of  the  reduced 
seco.id  one.  Owing  to  the  similarity  among  the 
reduced  virial  coefficients,  we  assume  that  the 
reduced  higher  virial  coefficients  may  be 
described  with 

Here  we  take 


T  *  =  2ZXjX;  •  Tjf  /x  2 

i  j 

as  an  average  characteristic  parameter  (4)  and 
use  the  following  mixing  rules 


where 

X  =Ixi 


(2-4) 
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In  the  case  of  detonation,  it  is  good  enough 
to  get  to  the  fourth  virial  coefficient,  thus 
Eq.(2-1)  becomes 

RT  V  rp*4  n=3  (n— 2)n 


then  EQ.(2-7)  becomes 

—  =  1+WB*+W2q+W3q/16  (2-8) 

RT 

Eq.(2-8)  is  called  the  VLW  equation  of  state 
of  detonation  products. 


Let 

W=  —  ;q=B*/T*w 
v 


TABLE  1 

The  Potential  Parameters  of  Products  Species 


0 

(A) 

L-J  6-12(10)(ll) 
e/K(°K)  b0(cc/mol) 

O 

(A) 

This  paper 
e/K(°K) 

b0(cc/mol) 

h20 

2.889 

180.0 

30.42 

a2 

2.87 

29.20 

29.76 

2.868 

29.20 

29.76 

o. 

3.58 

117.5 

57.75 

3.575 

117.5 

57.75 

o 

o 

to 

4.07 

205.0 

85.05 

4.070 

205.0 

85.05 

CO 

3.763 

100.2 

67.22 

3.763 

100.2 

67.22 

nh3 

3.814 

138.0 

70.00 

NO 

3.17 

131.0 

40.00 

3.165 

131.0 

40.00 

N2 

3.698 

95.05 

63.78 

3.698 

95.05 

63.78 

CH, 

3.817 

148.2 

70.16 

3.817 

148.2 

70.16 

HF 

2.843 

100.0 

29.00 

cf4 

4.70 

152.5 

131.0 

4.700 

152.5 

131.0 

TABLE  2 

Comparison  of  the  Values  of  C*  Given  by  This  Paper  with  Those  Taken  From  (11). 

And  the  Relations  B*  vs.  T*,  C*  vs.  T *,  and  D*  vs.  T * 

T* 

B* 

C 

From  (11) 

» 

C’(VLW) 

D*(VLW) 

10 

0.4609 

0.2861 

0.2592 

0.0162 

20 

0.5254 

0.2464 

0.2484 

0.0155 

30 

0.5269 

0.2195 

0.2251 

0.0141 

40 

0.5186 

0.2001 

0.2062 

0.0129 

50 

0.5084 

0.1853 

0.1912 

0.0119 

60 

0.4982 

0.1735 

0.1790 

0.0112 

70 

0.4887 

0.1638 

0.1689 

0.0105 

80 

0.4798 

0.1556 

0.1604 

0.0100 

90 

0.4716 

0.1486 

0.1531 

0.0096 

100 

0.4641 

0.1425 

0.1467 

0.0092 

200 

0.4114 

0.1068 

0.1094 

0.0068 

798 


Fig.  1.  Comparison  of  the  solid  curve  C’  given 
by  this  paper  with  the  broken  curve  C *  taken 
from  111).  And  the  relations  B*  vs.  T\  C *  vs.  T * 

THERMODYNAMIC  FUNCTIONS  OF 
DETONATION  PRODUCTS 

In  accordance  with  the  theory  of  ther¬ 
modynamics,  if  the  temperature  T,  volume  V, 
and  the  molar  species  X,-  are  chosen  as  the  in¬ 
dependent  variables,  all  the  thermodynamic 
functions  can  be  derived  from  the  free  energy 
F.  Immediately,  we  have: 


Equation  of  state 

P=~(  dJ  )Tx- 
d  v  ’  1 

(3-1) 

Internal  energy 

T,’ _ _ rp2  ^  i  F  , 

0T'  T  v-xi 

(3-2) 

Entropy 

S-  (  3F  ) 
a  [  0T  ’v-*i 

(3-3) 

Chemical  potential 

/  3F  . 

Pi'- dXj"  'T,v 

(3-4) 

Notice  the  Eq.  (3-1)  -  Eq.  (3-4)  are  derived 
without  any  restrictions,  so  they  are  valid  for 
any  thermodynamic  systems.  The  point  is  how 
to  determine  the  free  energy  F.  First,  consider 
the  case  of  idea  gases 

F*«Ix1RT(<prl+ln-5®L)  (3.5) 

where  v 

^i=  RT  =  R^f  {(F°_H°298*i  +  <H°298>il 

Second,  consider  the  case  of  detonation  prod¬ 
ucts.  In  order  to  show  signs  of  the  independent 


0.010 


0.005 


_j_ 

50 


Fig.  2.  The  relation  between  D*  (given  by  this 
paper)  and  T * 


variables  T,  V,  and  X},  we  apply  V=Xv,  thus, 
the  VLW  EOS  becomes 

P=  (1  + WB*+W2q+ W3qU6)  (3-6) 

From  Eq.J3-l)  and  Eq.(3-6)  we  get 
-  (1  +WB*+W2q+W3q/16) 

After  solving  this  differential  equation,  we 
obtain,  __ 

F=ZxjRT(<pi-l+ln-Mi-) 

+XRT(WB*+-9^  +  ^-  (3-7) 

2  48 

From  Eq.<3-2)  and  Eq.(3-7),  the  internal  energy 
for  one  mole  gases  is 

^==^^L[(H0~H  398>  “  RT+(H  298>] 

-RTW(T  *  ^  (3-8) 

where 

_  9B*  oo  2j  +  l  2i+*  _  j  1  _  -Od+iK 

4  ir)r(2  4>t* 

g=f*-^(T*|^-B*/4) 
the  entropy  for  one  mole  gases, 
S=I-iL(s?-Rln  _rw[T  *  45^  +B* 


.  X  v 

w  w 
+  f(q+g)U  +  |f)] 


9T* 


(3-9) 


and  the  chemical  potential  for  component  i 
Mi=[(F0--n§98)i+(H^98)i+RTAn-M?i 
+  RTB: *(W+  -^li.  )+RTqW(  -  +  -^L )+ 

w  .,  .  V  2  V  1 6 

'  3  r  v  ' 
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THE  CALCULATION  FOR  Ho-H0^,  S<\  AND 
Fo-H0^ 

The  thermodynamic  functions  of  H°-H0298, 
S°,  and  F°-H°298  based  on  a  fit  from  H°-H°298 
which  differ  from  those  based  on  a  fit  from  Cg 
or  S°,  are  proposed  here. 

Let 

H°-H0298=Ci+C2T+C3T2+C4T3+C5T4 


thus, 

C°=C2+2C3T+3C4T2+4C5T3 
S°=C6+C2lnT+2C3T+  |-C4T2  +  jC5T3 

-(F°-H°298)=  -Cj  +C6T+C2T(lnT- 1) 

+  C,T2  +  ^4.T3+  -^5-T4 
6  2  3 

where  Cj,  C2, . C6  are  the  constants. 


Calculated  C-J  Properties  and  Quantities  of  VLW 
Equation  of  State  of  Detonation  Products 

With  the  FORTRAN  VLW  code,  the  detonation  properties  of  various  explosives 
and  the  quantities  of  VLW  EOS  have  been  calculated  and  listed  as  follows: 


TABLE  3 

Comparison  of  Calculating  Results  with  Experimental  Data 


Explosive 

EXPT  (9) 

RDX 

D 

8754 

^HgNgOg 

P 

347 

e<=i.8o 

AH=14.71 

T 

RDX 

D 

5981 

C3H6N606 

P 

e0= i-oo 

AH=14.71 

T 

HMX 

D 

9100 

c4h8n808 

P 

393 

Co®  1.90 
AH=11.3 

T 

CHNO  PETN 

D 

8300 

c6h0n4o12 

P 

335 

2o-1.77 
AH=- 128.7 

T 

3400 

PETN 

D 

5480 

C5H8N4012 

P 

87 

Co=l-00 

AH  =  -128.7 

T 

Calculations 


BKW(9) 

LJD  (9) 

VLW 

8754 

8778 

8760 

347 

362 

344 

2587 

4027 

4921 

6128 

6118 

6116 

108 

103 

93.7 

3600 

4v^i  8 

4574 

9159 

9215 

9043 

395 

375 

392 

2364 

3871 

4866 

8421 

8087 

8453 

318 

287 

322 

2833 

4378 

5109 

5947 

5603 

5645 

101 

90 

87.1 

3970 

4731 

4888 

(Continued) 


TNT 

D 

6950 

7179,  6950* 

6878 

6934 

c7h5n3o6 

P 

190 

213,  206* 

183 

193 

e0=i.84 

AH=  — 15 

T 

2820,  2937* 

3662 

4133 

Tetryl 

D 

7560 

7629 

7421 

7621 

c7h5n5o8 

P 

251 

226 

240 

eo=i.70 

AH=  — 12 

T 

2917 

4018 

4591 

TATB 

D 

7860 

8411,  7874* 

8458 

7931 

P 

315 

326,  297* 

304 

271 

0O=  1.895 

AH  =—33.4 

T 

1887,  2128* 

3270 

3799 

NM 

D 

6290 

6463 

6339 

6139 

CHoNOn 

P 

141 

130 

124 

116 

e0=i-i28 
AH=— 27 

T 

3380,  3800(4) 

3120 

3790 

3878 

HNB 

D 

9300 

8466 

8411 

9115 

^6N6^12 

P 

355 

321 

371 

Go=1.973 

AH=35 

T 

3269 

4893 

6135 

BTF 

D 

8486 

8156 

8241 

8810 

CfiNcOo 

P 

325 

331 

385 

CNO 

0O=  1.859 

AH  =  147 

T 

4059 

5228 

6214 

TNTAB 

D 

8576 

8094 

8357 

8678 

^6^12^6 

P 

300 

317 

359 

Oo=1.74 

T 

4046 

5282 

6250 

Ah =270 

Ammonium 

Nitrate 

D 

4500 

5262 

4578 

4354 

h4n2o3 

P 

73.2 

52.3 

50.3 

eo=i.05 

Ah=— 79 

T 

1112 

1642 

2218 

HNO 

RXAC 

H32.69 

N  16.84 

D 

8025 

9393 

9240 

7813 

°3.0 

P 

228 

227 

201 

152 

D0=1.14 

T 

2180 

1008 

1816 

250„ 

Ah =24 

TFNA 

D 

7400 

7569 

7457 

CHNOF 

c5h7n4o6f3 

P 

249 

242 

229 

00-1.692 

Ah =-i8o 

T 

2204 

4291 

1.2DP 

D 

5960(6) 

6430(6),  6790 

(JCZ3)(6) 

6079 

CHNF 

C3H6N2F4 

P 

140(6) 

175(6),  165 

(JCZ3)(6) 

110 

00=1.26 

AH=— 39.3 

T 

3614(6),  4910 

(JCZ3){6) 

5705 

Nitric  Oxide 

D 

5620 

5807 

5145 

5268 

NO 

NO 

P 

103 

106 

91 

103 

Oo=1.30 

AH=21.1 

T 

1854 

2635 

3467 

801 


(Continued) 


HN 

Hydrazine 

Azide 

D 

6000 

7390 

6534 

H5N5 

P 

135 

98.3 

Co=L00 

AH  =  44 

T 

1400 

2575 

Units:p0=g/cc,  AH=kcal/mole,  D=M/sec, 
P=Kbar,  T==°K 

♦notes  Mader’s  TNT  parameters. 

RDX  Cyclotrimethylene  trinitramine 
TNT  Trinitrotoluene 

HMX  Cyclotetramethylene  tetranitramine 
PETN  Pentaerythritol  tetranitrate 
Tetryl  N-Methyl-N,2,4,6-tetranitroaniline 
TATB  1 , 3, 5-Triamino-2, 4, 6-trinitrobenzene 


TABLE  4 


RDX  Iq0=1.8Q)  Detonation  Products  Computed  in 
the  Number  of  Moles  per  Mole  of  Explosive 


species 

BKW(9) 

UD(9) 

this  paper 

h2° 

3.00 

2.96 

2.972 

»2 

0.023 

0.007 

co2 

1.49 

1.45 

1.238 

CO* 

0.022 

0.101 

0.365 

nh3 

0.008 

NO 

0.034 

0.187 

N2 

3.00 

2.96 

2.902 

ch4 

0.008 

0.004 

C(solid) 

1.49 

1.44 

1.392 

TABLE  5 


RDX  tQg—l.OO)  Detonation  Products  Computed  in 
the  Number  of  Moles  per  Mole  of  Explosive 


species 

BKW(9) 

LJD(9i 

this  paper 

h2o 

2.80 

2.20 

2.433 

«2 

0.111 

0.512 

0.380 

C02 

0.67 

0.93 

0.595 

CO 

1.855 

1.925 

2.359 

nh3 

0.029 

0.064 

NO 

0.012 

0.016 

N2 

2.98 

2.99 

2.960 

ch4 

0.021 

0.144 

0.045 

C(solid) 

0.45 

0.00 

0.000 

NM  Nitromethane 
HNB  Hexanitrobenzene 
BTF  Benzotris  (1,2,5-oxadiazole-oxide) 
TNTAB  1,3, 5-Triazido-2, 4, 6-trinitrobenzene 
TFNA  l,l,l-Trifluoro-3,5,5-trinitro-3-azahexane 
1,2-DP  l,2-bis(difluoramino)  propane 
RXAC  70/30  Hyrdrazine/Hydrazine  nitrate 

TABLE  6 


RXAC  (Q0=1.14!  Detonation  Products  Computed  in 
the  Number  of  Moles  per  Mole  of  Explosive 


species 

BKW(9) 

UD(9) 

this  paper 

h2o 

3.00 

3.00 

3.00 

H2 

0.616 

0.853 

nh3 

8.895 

8.480 

8.326 

N2 

3.97 

4.18 

4.258 

TABLE  7 

PETN  fc 
the  } 

= 1.77 1  Detonation  Products  Computed  in 
lumber  of  Moles  per  Mole  of  Explosive 

species 

BKW(9! 

LJD(9) 

this  paper 

h20 

4.00 

3.93 

3.967 

»2 

0.010 

co2 

3.89 

3.78 

3.422 

CO 

0.223 

0.447 

0.947 

NHg 

0.007 

NO 

0.062 

0.240 

n2 

2.00 

1.97 

1.876 

ch4 

0.012 

0.005 

C(  solid) 

0.89 

0.76 

0.625 

TABLE  8 


HNB  (Q0— 1.973)  Detonation  Products  Computed  in 
the  Number  of  Moles  per  Mole  of  Explosive 

species 

02 

BKW19) 

LJD19) 

this  paper 

0.007 

co2 

5.98 

5.51 

4.993 

CO 

0.019 

0.488 

1.007 

NO 

0.009 

0.843 

0.992 

N2 

2.99 

2.76 

2.504 

802 


TABLE  9 

The  Quantities  of  VLW  BOS  Itself  of  Typical  Explosives 


RDX(eo=1.80) 

TNT(g0=1.64) 

PETN(e0=1.77) 

TFNA(e0= 1.692) 

bo 

53.87 

55.61 

57.83 

49.60 

v 

11.414 

13.78 

12.49 

12.06 

T* 

36.40 

29.11 

33.28 

34.817 

B* 

0.522 

0.527 

0.525 

0.5241 

C* 

0.2125 

0.227 

0.2186 

0.2160 

D* 

0.0133 

0.0142 

0.0137 

0.0135 

B 

28.108 

29.317 

30.366 

25.996 

C 

616.47 

701.88 

730.9 

530.7 

D 

2075.6 

2439.5 

2641.0 

1645.3 

WB* 

2.463 

2.127 

2.432 

2.155 

W2q 

4.732 

3.696 

4.687 

3.649 

W3q/16 

1.396 

0.9323 

1.356 

0.938 

Pv/RT 

9.590 

7.756 

9.476 

7.734 

B*,  C*.  and  D*  are  the  reduced  second,  third  and  fourth  virial  coefficient.  B,C,  and  D  are  the  sec¬ 
ond,  third  and  fourth  virial  coefficient.  Units:  B=cc/mole,  C=(cc/mole)2,  D=(cc/mole)3,  b0=cc/mole, 
v=cc/mole 


CONCLUSION 

From 

Pv/RT=  1 + WB*  + W2q+ W3q/16 
=  1 + B/v + C/v2 + D/v3 
=  1+2.463+4.732+1.396 
=9.59  (RDX  for  example) 

it  follows  that 

(A)  The  value  of  VLW  EOS  increases  from 
the  first  term  to  the  third  which  is  the  max¬ 
imum,  and  then  decreases  rapidly. 

(B) The  second  and  the  third  terms,  and  the 
value  of  virial  coefficients  of  them  are  fairly  in 
agreement  with  those  from  numerical  calcula¬ 
tion  by  Hirchfelder  and  Curtiss  (11)  over  the  in¬ 
terest  range  of  T*,  exert  the  greatest  influence 
on  calculation  of  the  VLW  equation  of  state. 

To  summarize,  it  may  be  said  that  the  VLW 
equation  of  state  is  probably  more  reliable  for 
detonation  products  of  explosives  and  perhaps 
as  satisfactory  as  any  which  has  yet  been  pro¬ 
posed,  insofar  an  agreement  between  results 
and  experimental  data  is  concerned.  However, 
the  isentrope  calculation  still  remains  to  be  done 


in  future. 
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Detonation  calculations  at  the  Chapman-Jouguet  (CJ)  state  were 
carried  out  by  means  of  the  Cdmahan-Starling  (CS)  hard-sphere  equa¬ 
tion  of  state  together  with  the  TIGER  code  for  eleven  CHNO 
explosives,  including  TNT,  TATB,  NM,  RDX,  HMXandPETN.  The 
calculated  results  are  compared  with  those  obtained  from  the  equa¬ 
tion  proposed  by  Chirat  and  Pittion-Rossillon  and  from  the  JCZ  3 
model  While  the  detonation  velocity  and  pressure  values  obtained 
from  the  CS  equation  are  less  satisfactory  than  the  other  two 
methods,  the  CS  equation  is  the  only  one  that  yields  the  variation 
of  detonation  temperature  as  a  function  of  loading  density  with  a 
trend  following  that  indicated  by  the  experimental  values.  The 
predicted  presence  of  solid  carbon  at  the  CJ  state  is  more  consistent 
the  results  reported  by  Chirat  and  Pittion-Rossillon.  The  applicability 
of  the  CS  equation  to  detonation  calculations  for  slurry  explosives 
has  also  been  demonstrated. 


INTRODUCTION 

Various  equations  of  state  have  been  used  to 
establish  the  performance  of  explosives.  Among 
the  frequently  used  equations  are  the  Becker- 
Kistiakowsky-Wilson  (BKW)  (1),  JCZ  2  (2),  JCZ 
3  (2),  BRL-SRI  (3)  and  the  compressibility  form 
of  the  Percus-Yevick  (PYC)  (4,5)  equation.  In  a 
recent  article  (6),  five  hard-sphere  equations  of 
state  (EOS)  were  used  for  calculating  the 
Chapman-Jouguet  (CJ)  detonation  velocity, 
pressure,  and  temperature  for  two  explosives 
(PETN  and  ANFO).  The  analytical  expressions 
of  the  compressibility  factor  for  hard-sphere 
EOS  included  those  proposed  by  Carnahan- 
Starling  (CS)  (7),  Guggenheim  (8),  Thiele  (4), 
Scott  (9)  and  the  PYC  EOS.  The  calculated 
values  obtained  from  these  hard-sphere  EOS  as 
well  as  those  obtained  from  the  BKW,  JCZ  2, 
JCZ  3  and  BRL-SRI  equations  were  compared 
with  experimental  values  reported  in  the  liter¬ 
ature,  and  the  relative  performance  of  these 


equations  was  evaluated.  The  results  indicate 
that,  with  the  inclusion  of  an  adjustable 
parameter,  the  hard-sphere  EOS  can  yield  ap¬ 
proximately  the  same  values  for  CJ  detonation 
velocity,  pressure,  and  temperature.  The  CS 
hard-sphere  EOS  was  selected  because  it  yields 
a  virial  expression  very  close  to  that  of  Rae  and 
Hoover  (10).  The  calculated  CJ  detonation 
temperatures  for  PETN  from  this  equation  are 
closer  to  the  experimental  values  than  the  other 
EOS  investigated  (6). 

Recently,  Chirat  and  Pittion-Rossillon  (CPR) 
(11,12)  modified  the  Weeks-Chandler-Andensen 
(WCA)  model  for  liquid  and  applied  their  EOS 
to  a  number  of  CHNO  explosives.  The  major 
components  of  a  CHNO  explosive  at  the  CJ 
state  are  C02,  H20,  CO,  N2  and  sometimes 
solid  carbon.  In  order  to  obtain  good  evaluation 
of  explosive  values  from  their  EOS,  it  is 
necessary  to  know  the  value  of  three  potential 
parameters  for  each  major  detonation  product. 
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In  their  calculation,  an  unpublished  chemical 
equilibrium  code  (ETARC  code)  was  used. 

It  should  be  mentioned  that  in  the  application 
of  the  CS  hard-sphere  EOS,  an  existing 
chemical  equilibrium  detonation  computer  code 
(TIGER)  was  used  to  compute  the  detonation 
properties  of  the  various  explosives. 

One  of  the  objectives  of  this  study  is  to  ap¬ 
ply  the  CS  hard-sphere  EOS  to  a  number  of 
CHNO  explosives  and  to  compare  the  results 
with  those  obtained  from  the  more  complex 
CPR  EOS. 

Another  objective  of  this  study  is  to  extend 
the  CS  hard-sphere  EOS  to  the  calculation  of 
detonations  properties  of  slurry  explosives  and 
to  compare  the  results  with  those  obtained  from 
the  BKW  EOS,  using  the  modified  parameter 
suggested  by  Mohan  and  Hay  (13). 

It  is  also  intended  to  include  the  results  ob¬ 
tained  from  the  JCZ  3  model  for  comparison. 

CARNAHAN-STARLING  HARD-SPHERE 
EOS 

The  CS  hard-sphere  EOS  used  in  the  calcula¬ 
tion  is  of  the  following  form 

P  *  RT(l+y+y2-y3)/V(l-y)3  (1) 

where  P  is  the  pressure;  T,  the  absolute 
temperature;  V,  the  molar  volume;  and  R,  the 
gas  constant.  The  quantity  y  is  a  density 
variable  and  is  defined  by 

y  =  n  Ndo3/6  (2) 

where  Nd  is  the  number  density  and  o,  the 
molecular  diameter.  In  the  calculation,  the  ex¬ 
pression  for  the  quantity  o3  for  mixtures  fol¬ 
lowed  that  adopted  by  Edwards  and  Chaiken 
(14). 

o3  =  'lA  .  2  X,  Xj  0,-j3  (3) 

1-1  J  =  1 

where  Ojj  =  (Oj+Oj)/2;  n  is  the  number  of  species; 
.\j,  the  mole  fraction  of  species  i;  and  A,  the  ad¬ 
justable  parameter.  In  this  work,  a  A  value  of 
0.35  was  used  throughout  the  calculation. 


CALCULATION  RESULTS 

CJ  detonation  calculations  were  carried  out 
for  eleven  CHNO  explosives  and  twelve  slurry 
explosives.  The  standard  heats  of  formation  of 
the  CHNO  explosives  and  the  components  of 
slurry  explosives  are  presented  in  Table  1.  The 
values  for  the  eleven  CHNO  explosives  were 
taken  from  Hardesty  and  Kennedy  (15);  and  for 
the  slurry  components,  from  Ref.  16-19. 

CHNO  Explosives 

The  results  obtained  from  the  CS  hard-sphere 
EOS  for  the  eleven  selected  CHNO  explosives 
are  presented  in  Tables  2-4.  The  possible 
presence  of  solid  carbon  at  the  CJ  point  for  the 
eleven  CHNO  explosives  investigated  is 
presented  in  Table  2,  and  the  calculated  CJ 
detonation  velocity  (DCJ),  pressure  (PCj)  and 
temperature  (TCJ)  for  these  explosives  are 
presented  in  Table  3.  The  results  reported  by 
Chirat  and  Pittion-Rossillon  (12),  and  the  values 
obtained  from  the  JCZ  3  model  are  also  included 
in  these  two  tables  for  comparison.  In  addition, 
the  CJ  temperatures  obtained  for  TETRYL, 
RDX,  PETN  and  NG  are  depicted  in  Figures 
1  to  4,  respectively.  Experimental  values 
reported  by  Gibson  et  al.  (20),  together  with  the 
calculated  values  obtained  from  the  JCZ  3 
model  and  the  CPR  equation  for  these  four  ex¬ 
plosives  are  included  in  these  figures  for  com¬ 
parison.  The  CJ  temperatures  obtained  for  the 
other  seven  CHNO  explosives  are  compared 
with  those  reported  by  Chirat  and  Pittion- 
Rossillon  and  those  calculated  from  the  JCZ  3 
model  in  Figure  5.  The  concentration  of  the  gas 
components  in  the  detonation  product  at  the  CJ 
state  were  obtained  for  all  eleven  CHNO  ex¬ 
plosives.  However,  due  to  the  lack  of  experimen¬ 
tal  and  calculated  values  in  the  literature  on  the 
compositions  produced  at  the  CJ  state,  no 
meaningful  comparison  can  be  made  for  all  the 
eleven  explosives.  For  this  reason,  only  the  con¬ 
centrations  of  the  major  gas  components  ob¬ 
tained  for  PETN  at  the  CJ  state  are  reported 
(Table  4). 

Slurry  Explosives 

An  attempt  was  made  in  this  study  to  extend 
the  application  of  the  CS  hard-sphere  EOS  to 
the  calculation  of  detonation  properties  for 
slurry  explosives.  A  total  of  twelve  slurry  ex¬ 
plosives  were  arbitrarily  selected.  The  elemen¬ 
tal  compositions  of  these  explosives  are  pre- 
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TABLE  1 

Standard  Heats  of  Formation  at  298.15  K 


Explosive  or 

Component  of  Slurry 
Explosive 

Chemical  Formula 

AH{  (Kcal/mole) 

Ref. 

c7h5n3o6 

-  15.00 

15 

HNS 

Ci4H6N6012 

13.88 

15 

TATB 

c6h6n6o6 

-  36.85 

15 

DATB 

c6h5n5o6 

-  29.2 

15 

TETRYL 

c7h5n5o8 

4.67 

15 

NM 

ch3no2 

-  27.03 

15 

NQ 

ch4n4o2 

-  23.60 

15 

RDX 

c3h6n6o6 

14.71 

15 

HMX 

C.)H8N808 

17.93 

15 

PETN 

c5h8n4o12 

-128.70 

15 

NG 

C3H5N0O9 

15 

AN 

h4n203 

-  87.40 

16 

Sodium  Nitrate 

NaN03 

-111.70 

16 

Water 

h2o 

-  68.40 

17 

Man 

ch3nh3no3 

-  58.00 

17 

Guar 

CsH12^6 

-  55.40 

18 

Silica 

Sj02 

-202.46 

16 

Aluminum 

Al 

0.0 

16 

Calcium  Nitrate 

CaN206 

-224.05 

16 

Ethylene  Glycol 

c2h6o2 

i 

o 

^3 

16 

Fuel  Oil 

C7.|7Hi4 

-  45.00 

19 

Carbon 

C 

0.0 

16 

808 
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TABLE  2 


Correlation  Between  Oxygen  Balance,  Solid  Carbon  Phase 


Explosive 

Oxygen  Balance 

Solid  Carbon  at  the  CJ  Point 

CS 

JCZ3 

CPR 

TNT 

-  0.74 

Yes 

Yes 

Yes 

HNS 

-  0.667 

Yes 

Yes 

Yes 

TATB 

-  0.560 

Yes 

Yes 

Yes 

DATS 

-  0.559 

Yes 

Yes 

Yes 

TETRYL 

-  0.474 

Yes 

Yes 

Yes 

NM 

-  0.39 

No 

Yes 

No 

NQ 

-  0.307 

No 

Yes 

Yes 

RDX 

-  0.22 

No 

Yes 

No 

HMX 

-0.216 

No 

Yes 

No 

PETN 

-  0.100 

No 

No 

No 

NG 

0.035 

No 

No 

No 

TABLE  3 

Calculated  CJ  Detonation  Properties  for  Eleven  CHNO  Explosives 


Explosive 

Loading 

density 

e(g/cnr) 

CS 

JCZ  3 

CPR 

DCJ 

(m/s) 

Pcj 

(GPa) 

Tcj 

(K) 

DCJ 

(m/s) 

Pcj 

(GPa) 

Tcj 

(K) 

DCJ 

(m/s) 

Pcj 

(GPa) 

TCJ 

(K) 

TNT 

4024 

4.36 

3305 

5101 

7.34 

3500 

4910 

6.34 

3230 

6370 

14.39 

3904 

6912 

18.95 

3647 

7018 

19.51 

3330 

HNS 

mBm- 

4291 

4.81 

3635 

5196 

7.62 

3774 

4951 

6.35 

3467 

1.30 

5736 

9.53 

3931 

5797 

11.94 

3951 

— 

— 

— 

1.50 

6047 

12.23 

4128 

6617 

16.50 

4004 

— 

— 

— 

TATB 

1.25 

5505 

8.08 

3178 

5811 

i0.75 

3222 

4924 

6.30 

2911 

1.50 

6098 

11.51 

3382 

6581 

15.48 

3191 

— 

_ 

— 

1.75 

8369 

21.90 

3661 

7503 

22.34 

3053 

— 

— 

— 

1.85 

8617 

24.56 

3725 

8053 

26.68 

2957 

— 

— 

— 

DATB 

1.00 

3964 

4.17 

3125 

5100 

7.22 

3307 

51 47 

6.94 

3287 

1.79 

8817 

25.08 

3946 

7624 

23.81 

3269 

7762 

27.00 

3278 

TETRYL 

1.00 

4868 

6.03 

3984 

5607 

8.97 

3957 

5354 

7.50 

3587 

1.70 

6925 

18.02 

4582 

7607 

23.95 

4065 

7621 

24.44 

3616 

NM 

0.90 

4688 

5.22 

3489 

5555 

8.15 

3394 

5430 

7.35 

3508 

1.13 

5285 

7.82 

3610 

6245 

12.06 

3515 

6175 

11.44 

3421 

1.30 

5693 

10.05 

3695 

6700 

15.25 

3514 

— 

— 

— 

NQ 

1.25 

4758 

6.64 

2824 

6084 

11.35 

2657 

6167 

11.66 

2512 

1.55 

5561 

10.24 

2937 

7453 

19.06 

2474 

7282 

20.55 

2387 

RDX 

1.25 

6290 

11.18 

4614 

6907 

15.97 

4145 

6867 

15.10 

4322 

1.77 

8146 

23.58 

4849 

8697 

31.13 

3887 

8533 

32.98 

3788 

HMX 

1.25 

6279 

11.14 

4599 

6898 

15.92 

4133 

6867 

15.10 

4322 

1.50 

7213 

18.57 

4721 

7594 

21.81 

4083 

— 

— 

— 

1.65 

7731 

20.30 

4788 

8087 

26.17 

3993 

— 

— 

— 

PETN 

1.00 

4880 

6.17 

4760 

5706 

8.96 

4545 

— 

— 

— 

1.25 

5850 

9.82 

4869 

6500 

14.18 

4499 

6504 

13.48 

4744 

1.77 

8463 

23.47 

5126 

8279 

29.07 

4232 

8418 

31.89 

4314 

NG 

1.00 

4745 

5.87 

4696 

5420 

8.07 

4610 

5287 

7.50 

4790 

1.60 

7013 

15.89 

4985 

7535 

21.66 

4445 

7687 

23.40 

4582 

809 


TABLE  4 

Calculated  Gas  Compositions  at  the  CJ  State  for  PETN  (CS  Hard-Sphere  EOS) 


Loading 

density 

e(g/cm3) 

Concentration  (mole/kg) 

C02 

H20 

CO 

n2 

h2 

NO 

nh3 

Total 

gas 

1.0 

9.49 

11.65 

6.33 

6.00 

0.89 

0.62 

35.31 

1.25 

9.71 

11.69 

6.11 

6.02 

0.85 

0.56 

35.14 

1.77 

10.44 

11.32 

5.29 

5.94 

0.69 

0.44 

mm 

34.55 

TABLE  5 

Elemental  Compositions  of  Twelve  Slurry  Explosives 


Composition  (mole  percent) 


Explo¬ 

Loading 

Experi¬ 

sive 

density 

mental 

(g/cm3) 

DCJ 

(m/sec) 

1 

1.509 

— 

2 

1.060 

— 

3 

1.130 

— 

4 

1.400 

— 

5 

1.156 

— 

6 

1.150 

4000 

7 

1.120 

4000 

8 

1.300 

— 

9 

1.000 

3490 

10 

1.180 

4230 

11 

1.350 

— 

12 

1.350 

— 

c 

H 

N 

O 

5.39 

46.66 

11.92 

33.57 

2.23 

44.09 

20.09 

30.14 

3.90 

45.42 

15.42 

32.88 

7.04 

41.14 

15.90 

34.32 

0.00 

52.04 

10.84 

31.43 

3.14 

43.22 

12.65 

35.60 

2.96 

43.09 

12.76 

35.80 

2.63 

42.14 

12.83 

35.03 

2.15 

47.26 

10.28 

36.04 

2.57 

42.03 

12.68 

35.40 

3.14 

41.70 

15.34 

33.28 

3.58 

43.23 

15.81 

32.56 

Na 

A1 

Ca 

Si 

0.10 

0.98 

1.37 

0.00 

0.00 

3.45 

0.00 

0.00 

2.38 

0.00 

0.00 

0.00 

1.61 

0.00 

0.00 

0.00 

0.00 

5.72 

0.00 

0.00 

0.67 

3.37 

1.34 

0.00 

0.80 

3.30 

1.29 

0.00 

0.47 

5.50 

1.41 

0.00 

0.65 

2.39 

1.22 

0.00 

0.55 

5.32 

1.47 

0.00 

2.91 

3.38 

0.00 

0.23 

2.77 

0.49 

0.00 

1.45 

TABLE  6 

Comparison  of  Calculated  CJ  Conditions  for  Twelve  Slurry  Explosives 


CS 

JCZ  3 

BKW 

Explosive 

DCJ 

Pcj 

TCJ 

DCJ 

Pcj 

TCJ 

DCJ 

Pcj 

TCJ 

(m/s) 

(GPa) 

(K) 

(m/s) 

(GPa) 

(K) 

(m/s) 

(GPa) 

(K) 

1 

4603 

7.50 

2467 

— 

— 

— 

5870 

12.80 

2283 

2 

4545 

5.56 

3777 

5506 

8.50 

3589 

4998 

7.68 

3383 

3 

4243 

4.80 

2605 

5385 

8.00 

2391 

4903 

7.39 

2298 

4 

5184 

9.12 

3031 

6417 

12.98 

2497 

5534 

11.28 

2355 

5 

4511 

5.77 

3473 

5335 

8.53 

3335 

6165 

8.49 

3129 

6 

3585 

4.55 

3043 

5042 

7.23 

3191 

— 

— 

— 

7 

3532 

4.68 

3020 

4883 

6.64 

3074 

— 

— 

— 

8 

4250 

5.98 

3685 

5710 

10.54 

3672 

5239 

9.64 

3474 

9 

3227 

2.80 

2387 

4278 

4.63 

2353 

— 

— 

— 

10 

3724 

4.34 

3593 

4995 

7.19 

3630 

4691 

7.06 

3470 

11 

4220 

5.65 

2703 

— 

— 

— 

— 

— 

— 

12 

3883 

4.62 

2040 

5790 

9.46 

1959 

— 

— 

_ 
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Detonation  temperature  (tOOO°K)  Detonction  temperature  (  1000°K) 


Detonation  temperature  (IOOO°K) 


i 


Fig.  5.  Comparison  of  calculated  and  experimental  CJ  detonation  temperatures  for  seven 
CHNO  explosives 
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to  use,  it  does  not  require  any  values  of  the  force 
constant  dk,  and  did  not  encounter  any  com¬ 
putational  difficulties  in  the  calculation. 
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CONCLUSIONS 

1.  The  hard-sphere  equations  used  in  the 
calculation  yield  approximately  the  same 
values  for  C-J  detonation  velocity,  pressure 
and  temperature. 

2.  The  hard-sphere  compressibility  factor  is 
not  sufficient  enough  to  make  the  hard- 
sphere  equation  capable  of  fitting  exactly 
the  experimental  data  for  PETN. 

3.  The  calculated  C-J  detonation  velocity  and 
temperature  for  PETN  from  hard-sphere 
equations  are  closer  to  the  experimental 
values  than  other  equations  of  state  in¬ 
vestigated.  However,  the  BKW  equation 
yields  better  results  for  detonation 
pressure. 

4.  The  calculated  results  of  detonation  prod¬ 
ucts  for  ANFO  indicate  that  the  hard- 
sphere  equations  are  more  suitable  than 
many  other  equations. 


814 


EXPANSION  ISENTROPES  OF  TATB  COMPOSITIONS 
RELEASED  INTO  ARGON 
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and  N.  Camarcat 

Commissariat  a  1’Energie  Atomique,  Cenire 
d’etudes  de  Vaujours,  B.P  7,  77181,  Courtry,  France 


The  expansion  isentropes  of  TATB  compositions  are  determined  us¬ 
ing  argon  as  the  adjacent  inert  medium,  the  shock  impedance  of 
which  is  varied  by  adjusting  the  initial  pressure  in  the  experimental 
chamber.  The  technique  requires  a  precise  knowledge  of  the  ther¬ 
modynamic  properties  of  argon  in  the  region  of  parameter  space  of 
interest.  The  experimental  results  obtained  are  compared  to  isentrope 
data  of  other  workers  (1)  using  Doppler  Laser  Interferometry  (DLI) 
measurements  of  thin  flyer  plates  driven  by  the  same  explosives. 
Comparisons  to  calculations  using  various  equations  of  state  (2,3) 
are  also  reported.  Possible  improvements  are  examined,  particularly 
in  the  choice  of  the  argon  equation  of  state. 


1.  INTRODUCTION 


II.  THE  SHOCK  DRIVEN  IN  ARGON 


The  method  of  impedance  matching  is  widely 
used  to  determine  experimentally  the  expansion 
isentrope  of  high  explosives.  This  is  equivalent 
to  the  knowledge  of  the  equation  of  state  of  the 
detonation  products  in  a  limited  region  (i.e.  a 
curve)  in  p.v  space.  Experimental  points  are 
obtained  by  measuring  the  velocity  of  the  shock 
induced  by  the  explosive  in  adjacent  media  of 
various  impedances.  Argon  is  well  suited  for 
this  task  since  the  shock  impedance  can  be 
varied  by  adjusting  the  initial  pressure  in  the 
experimental  chamber.  This  paper  reports  on 
the  use  of  such  a  method  to  measure  the  expan¬ 
sion  isentrope  of  TATB  compositions  iu  the 
pressure  range  0. 1  - 1 7  G  Pa.  1 1  requires  a  precise 
knowledge  of  the  thermodynamic  properties  of 
argon  in  the  region  of  parameter  space  of 
interest.  These  features  and  the  experimental 
conditions  are  examined  in  Section  II.  Section 
III  deals  with  the  experimental  results  obtained 
with  the  argon  technique  and  compares  them 
to  isentrope  data  of  other  workers  using 
Doppler  Laser  Interferometry  (1)  (DLI)  mea¬ 
surements  of  thin  flyer  plates  driven  by  the 
same  composition.  Comparisons  to  calculations 
(2)  using  various  equations  of  state  (EOS)  are 
also  reported.  Section  IV  examines  possible 
improvements,  in  the  experimental  determina¬ 
tion  of  the  argon  equation  of  state. 


A.  Apparatus.  The  impedance  matching  technique 
with  inert  argon  in  contact  with  the  detonating 
explosive,  is  recalled  in  Fig.  1 .  U  is  the  shock 
velocity  in  argon,  P0  and  Q0  the  initial  argon 
pressure  and  density,  p  and  u  are  the  pressure 
and  the  particle  velocity  (lab.  frame)  behind  the 
shock  front.  Subscript  o  refers  to  the  region  not 
reached  by  the  shock.  To  each  initial  pressure 
in  argon  P0  corresponds  an  argon  Hugoniot 
H(P0).  In  p,u  space,  and  with  the  help  of  the 
familiar  conservation  equations,  this  curve  is 
defined  by 

u  =  u(U,P0)  (1) 

p  -  P0  +  <?0U  u  (2) 


Fig.  1.  The  impedance  matching  technique 
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The  intersection  in  (p,u)  space  of  the  H(P0) 
curve  with  the  line  of  slope  g0U  gives  a  point 
of  the  detonation  product  expansion  isentrope 
provided  that  H(P0)  is  below  the  CJ  point.  Prac¬ 
tically,  an  experimental  shock  velocity  Ue  is 
measured  in  argon,  and  the  intersection  of  the 
corresponding  straight  line 

P  ~  P0  =  Qo  ue  u  <3> 

with  H(P0)  gives  the  point  required  on  the  HE 
isentrope.  The  experimental  effort  is  therefore 
directed  towards  measuring  Ue  while  the  theo¬ 
retical  effort  is  devoted  to  obtaining  a  precise 
equation  of  state  for  argon  since  this  is  the 
critical  factor  affecting  u(U,P0). 

Figure  2  shows  the  experimental  chamber 
containing  the  explosive  cylinder  and  argon  at 
initial  pressure  P0.  The  explosive  composition 
is  initiated  by  an  external  plane  wave  generator 
outside  the  chamber  flange.  The  pressure  pulse 
is  transmitted  through  the  flange  to  an  HMX 
booster  inside  the  chamber  which  in  turn  in¬ 
itiates  the  TATB  explosive  tested.  It  consists 
of  a  straight  cylinder  with  dimensions:  O.D  50 
mm,  height  200  mm,  initial  density  between 
1.879  and  1.886  g/cm3.  Corrections  to  the  ex¬ 
perimental  measurements  (Section  1 1 1.  A)  are 
performed  to  compare  the  argon  experiments  to 
those  with  different  adjacent  media  (water  or 
solids)  and  different  dimensions  of  the  explosive 
cylinders  (O.D  100mm,  height  200  mm).  The 
shock  driven  in  argon  by  the  detonation  is 
recorded  with  a  streak  camera  (CF6)  and  back¬ 
lighted  by  a  flash  at  high  initial  argon  pressures. 
At  low  initial  filling  pressures,  shocked  argon 
emits  enough  light  so  that  a  backlighting  source 
is  no  longer  needed.  Typical  experimental 
records  are  shown  in  Fig.  3.  At  low  initial 
pressures  (P0=l  MPa)  argon  is  ionized,  while 
at  higher  pressures  (Po=70.5  MPa)  ionization 
is  not  seen. 

B.  Argon  Equation  of  State.  The  conservation 


equations  are  written  as  (4) 

P  ~ 

P0  =  Qo  U  u 

(4) 

h  - 

K  =  ~<p  -  po)(-L  + 

(5) 

2  Qo  Q 

e0u 

=  p(U  ~  u) 

(6) 

discharge  camera 

unit 

Fig.  2.  Experimental  Set-up 

SHOCK  WAVE  PROPAGATION  IN  ARGON 
STREAK  CAMERA  RECORDS 
COMPOSITION  T2. 


ARGON  P,  s  10b»r  ARGON  Pa  :  705b«r 


Fig.  3.  Shock  wave  propagation  in  argon  streak 
camera  records  composition  12 

Standard  texts  (4)  give  U  in  terms  of  u  when 
h  is  the  enthalpy  of  an  ideal  gas  with  specific 
heat  ratio  y 

h(p,g)  =  — ^ — E-  (7) 

y-l  q 

For  practical  considerations,  the  temperature  is 
introduced  with  the  “engineering”  form  of  the 
equation  of  state  (4) 

p  =  p(p,T)  T  -  T(p,p) 

or  (8) 

h  =  h(p.T)  h  =  h(p,T) 
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The  use  of  an  ideal  gas  equation  of  state  in  (5) 
leads  to  uncorrect  curves  U(u,P0)  and  therefore 
to  HE  expansion  isentropes  nearly  an  order  of 
magnitude  below  the  experimental  ones  in  (p,u) 
space,  for  p  <  1  GPa.  Ionization  has  to  be  taken 
into  account.  Our  approach  follows  the  general 
procedure  outlined  by  Zel’dovich-Raizer  (4).  The 
free  energy  F(T,g)  is  expressed  in  terms  of  par¬ 
tition  functions  Z(T,g).  Equations  (8)  for  h(T ,q) 
and  p(T,g)  are  obtained  through  thermodynamic 
derivatives  of  F.  Ionization  is  introduced  through 
the  partition  functions  of  the  translational 
degrees  of  freedom  and  of  the  electrons.  Then 

Z(T ,q)  =  Ztrans(T,p)  Zel(T.e)  (9) 


this  neglects  the  contribution  of  the  excited 
states  of  A,  A+  to  the  specific  enthalpy  h. 

Various  approximations  (4,5)  are  commonly 
used  to  compute  Qs,  Q0, 1,  since  the  sums  con¬ 
tributing  to  the  partition  functions  Qj  have  to 
be  truncated  after  a  finite  number  of  terms  n* 
depending  on  a.  A  lowering  correction  A  to  the 
ionization  potential  is  introduced,  taking  into 
account  the  effect  of  the  free  electrons,  i.e.,  a. 
Then  n*  ~  (I0/A)1/2.  We  follow  approximately 
the  Unsold  theory  outlined  in  ref.  (5).  Assum¬ 
ing  T=20000°K  and  A=0,  we  look-up  Q;/Q0  in 
a  table  (5)  and  calculate  a  from  (11).  Next  we 
compute  A  from  a  Debye-Hiickel  potential  sur¬ 
rounding  the  argon  ions. 


When  ZeL=  1,  i.e.  ionization  is  absent,  eq.  (9) 
yields  the  standard  ideal  gas  equation  (7). 

The  free  energy  of  the  ionized  mixture  is  ob¬ 
tained  by  minimizing  F  with  respect  to  the 
numbers  per  unit  mass  of  argon  atoms  NAo, 
argon  ions  NA*  and  electrons  Nc  under  the 
constraints  set  by  the  ionization  reaction 

A  -— >  A+  +  e  (10) 

Introducing  the  degree  of  ionization 

a  =  Na./Na.  one  obtains  a  quadratic  expres¬ 
sion  for  a  with  density  and  temperature  depen¬ 
dent  coefficients 

=  — - —  K(T)  (11) 

a  eN  a.o 

K(T)  is  the  dissociative  equilibrium  constant  of 
the  ionization  reaction  (10).  If  1  is  the  ionization 
potential,  M  the  atomic  mass  of  argon,  me  the 
electron  mass,  hp  the  Planck  constant,  Q((T) 
and  Q0(T)  the  partition  functions  of  the  ion  and 
neutral  atom,  K  is  given  by 

Qi(T)  r2"*c.kTl3*  £  n0) 


A  =  UUELlVr)*  £ 

3  LM  kTJ  1 


6-f  4a 
1+a 


¥lL  r 
JolT)  L 


We  have  modified  the  standard  (4,5)  notations 
Uj  and  u0  for  the  partition  functions.  Equations 
(8)  become  for  the  non  ideal  state 

p  =  (l+a)erT  (13) 

h  =  5|i+ff)rT  +  «I  (14) 

2  M 


The  value  I  =  I0— A  with  I0=  15.85  eV  is  then 
used  in  all  the  other  a  calculations  at  any  g,T. 

In  the  medium  argon  pressure  range 
1  <P0<  1 2  MPa.  the  results  obtained  are 
reasonable.  For  lower  initial  pressures,  and  high 
Ue’s  the  calculated  values  of  a  are  large,  above 
0.1.  One  should  therefore  take  into  account 
multiple  ionizations.  However,  comparison  of 
our  results  to  those  of  ref.  (6)  including  multi¬ 
ple  ionization  shows  only  a  4%  difference  for  u, 
our  values  being  smaller,  and  an  8%  difference 
for  p,  our  values  being  greater.  (For  T  and  Q, 
which  are  less  significant  here,  discrepancies 
can  reach  a  factor  2.)  At  higher  initial  pressures 
P0>1 2  Mpa,  the  hypotheses  of  ideal  gas  trans¬ 
lational  partition  function  in  eqn.  (9)  has  to  be 
altered.  This  applies  both  upstream  and  down¬ 
stream  of  the  shock.  Equation  (13)  becomes 


p(g)  =  pip)  +  p'(p)  (16) 

p“  referring  to  the  neutrai  atoms  in  the  mix¬ 
ture  and  p’  to  the  ions.  For  p°(p)  we  follow  F. 
H.  Ree  (7),  and  p*((>)  includes  the  Coulomb  in¬ 
teractions  between  charged  particles. 


e  is  the  electron  charge  and  e0  the  dielectric 
constant  of  vacuum.  The  specific  enthalpy  (7) 
becomes 
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h  =  3rT  +  JL  +  f«jp  -  T  jk]d£  +  5»rT 
2  Q  J0  l  dT  J  e2  2 

(18) 

a  —  —  h+ 
M 

h*  =  (e3/6n)  (g/kT),/2  (2ale0M)m  (19) 

The  degree  of  ionization  is  obtained  from  (11) 
and  (12)  as  above,  with  the  dissociative 
equilibrium  constant  K  of  the  ideal  gas. 

In  the  expansion  isentropes  (composition  Tj) 
obtained  with  these  thermodynamic  hypoth¬ 
eses,  the  influence  of  the  non  ideal  gas  transla¬ 
tional  partition  function  is  seen  for  p>7  GPa, 
i.e.,  P0>12  MPa.  Starting  with  the  same  pri¬ 
mary  data  the  experimental  U  ,’s,  the  different 
expansion  isentropes  in  (p.u'  space  correspond¬ 
ing  to  the  ideal  and  non  ideal  gas  argon  Hugo- 
niot  diverge  above  7  GPa  while  agreement  be¬ 
tween  the  two  curveo  is  reasonable  below  this 
value. 

III.  EXPANSION  ISENTROPES  FOR 
TATB  COMPOSITIONS 

A.  Data  reduction  techniques.  The  simple 
theory  of  impedance  matching  outlined  in  Sec¬ 
tion  1  is  strictly  valid  for  shock  transmission 
between  two  inert  media.  Detonation  waves 
consist  (in  the  ZND  model)  of  a  shock  front 
followed  by  a  reaction  zone,  which  is  not  taken 
into  account  in  the  derivation  of  eqns.  (l)-(3).  Ex¬ 
perimentally.  the  influence  of  the  reaction  zone 
thickness  is  evidenced  by  the  axial  decrease  of 
Ue  along  the  z  axis  (Fig.  2)  with  different  values 
at  z=0  mm  and  z=3  mm  noted  U0  and  U3. 
Beyond  z=3  mm.  the  shock  velocity  remains 
more  or  less  constant.  This  is  evidenced  in  Fig. 
4  where  U0-U3  is  plotted  against  P„  for  com¬ 
position  T|  and  T2. 

J.  Thouvenin  (8)  has  proposed  a  model  in 
which  the  position  !at  time  t)  of  the  shock  front 
in  argon  x  measured  by  the  streak  camera  can 
be  expressed  by  (A<  1 ) 


Fig.  4a.  Influence  of  the  reaction  zone  thickness 
on  the  argon  shock  velocity  Ue  for  composition 

T, 


Fig.  4b.  Influence  of  the  reaction  zone  thickness 
on  the  argon  shock  velocity  U(,  for  composition 
Tg 


thickness  z.  The  following  empirical  dependence 
of  ta  on  the  initial  argon  pressure  P0  has  been 
found 

ta(0.5  MPa)  >  ta(70.5  MPa)  >  z/D*  (20b) 

D#  being  the  extrapolated  stick  detonation 
velocity,  z  the  values  proposed  by  Pujols  (1)  (1.2 
and  1.5  mm  for  TATB  compositions  T,  and  T2). 
For  composition  T2  we  obtain  from  streak 
camera  data 


xs 


JJP 

AV 

U(t  -  ta)  +  HlA 
A 


for  t  <  ta 


for  t  >  t. 


(20a) 


ta(0.5  MPa)  =  550  ns  xA  =  3.62  mm 
ta(70.5  MPa)  =  380  ns  xA  =  2.33  mm  (21) 

ta(P0)  =  (Po-0.5) 

for  0.5<Po<70.5  MPa 


ta  depending  on  the  shock  impedance  of  the 
adjacent  medium,  and  on  the  reaction  zone 
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The  experimental  shock  velocity  Ue  is 
measured  on  the  film  at  position  xA  correspond¬ 
ing  to  ta. 

Density  corrections  are  also  taken  into  account 
for  high  initial  argon  pressures  which  modify 
the  initial  density  and  the  detonation  velocity 
in  the  explosive  stick.  At  P0  =  70  MPa,  the  ex¬ 
plosive  density  variation  results  in  a  variation 
of  D  of  90  m/s  which  is  significant.  For  this 
reason,  all  the  data  are  normalized  to  the 
detonation  velocity  in  a  reference  stick  with 
cpn=  100  mm,  hn=200  mm,  Gn  ,  =  1.880  g/cm1, 
Qn  2— 1.855  g/cm1.  For  such  s!  ;ks,  Dnl  = 
7715±10  m/s  (composition  T,)  and 
Dn  2  =  7685±10  m/s  (composition  T2).  If 
subscript  e  refers  to  experimental  measure¬ 
ments,  the  following  normalizing  procedure  is 
used: 

Un  =  U„ - ^ - (22) 

n  e  D50  +  A(Qe  -  Qn)  +  AKGe 

D50  =  7600±10  m/s  for  composition  T2  , 

A2  =  2.900  nP.sVkg'1 

D50  =  76  62±10  m/s  for  composition  T,  , 

A,  =  2.787  nP.s-'.kg-> 

K  being  the  (measured)  relative  volume  varia¬ 
tion  A V/V  at  pressure  P0.  This  allows  the  com¬ 
parison  of  the  argon  isentrope  results  to  those 
where  the  adjacent  medium  is  a  solid,  with  dif¬ 
ferent  dimensions  and  initial  density  for  the  ex¬ 
plosive  cylinder. 

B.  RESULTS  AND  DISCUSSION 

Figure  5  shows  the  expansion  isentrope  of 
composition  T2  in  (p.u)  space  for  0.34  GPa  < 
p  <  24.9  GPa.  The  corresponding  tabulated 
values  are  shown  in  Table  1 ,  both  for  argon  ex¬ 
periments  and  for  water  and  solid  adjacent 
media  up  to  48.8  GPa.  In  the  low  pressure  part 
p  <  3.3  Gpa  including  our  argon  data,  Doppler 
Laser  Interferometry  (DLI)  measurements  on 
the  same  composition  have  been  published  in¬ 
dependently  by  H.  C.  Pujols  (1). 

The  good  agreement  between  the  DLI  and 
argon  experimental  data  supports  the  validity 
of  our  argon  equation  of  state  for  P0  <  7  MPa 
(p  <  3.42  GPa)  as  described  in  Section  II.  The 


Fig.  5.  Detonation  product  Hugoniot  and  ex¬ 
pansion  isentrope  for  composition  TV  The  DLI 
points  for  this  composition  are  due  to  the 
courtesy  of  H.  C.  Pujols. 


Fig.  0.  Comparison  of  experimental  results  to 
calculations  for  composition  TV  The  calculated 
curves  are  due  to  the  courtesy  of  Mrs.  Chirat- 
Baute  (g,  d)  and  Sorel-Vanpoperynghe  (1).  The 
g  and  d  curves  refer  to  carbon  formed  in  the 
graphite  or  diamond  phase. 

last  argon  point  in  Table  1  comparable  to  the 
DLI  measurement  (shot  H  17)  gives  (p.u)  =  (4.34 
GPa,  4169  m/s)  to  be  compared  to  the  nearby 
point  of  Pujols  (4.06  GPa,  4738  m/s).  This  could 
indicate  that  above  3.4  GPa  the  argon  EOS 
described  in  Section  1 1  yields  experimental  isen¬ 
trope  points  “too  low"  in  (p.u)  space. 

Next  we  compare  (for  composition  T2)  the 
isentrope  experimental  results  to  the  theoretical 
calculations  obtained  with  2  equations  of  state 
coupled  to  thermochemical  codes  determining 
the  molar  composition  of  the  detonation 
products. 
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TABLE  1 


Experimental  Isentrope  Data  for  Composition  T2 


shot 

dens.  T2 

geom.  T2 

adjacent 

T 

Po 

Qo 

UA 

un 

P 

u 

# 

(g Ice) 

(mm) 

medium 

(°K) 

(bar) 

glee ) 

(m/s) 

(m/s) 

(kbar) 

(m/s) 

01 

1.860 

cp  100  h  200 

Copper 

r.  Amb. 

P.  Atm. 

8.93 

5451 

5443 

488 

1002 

02 

1.858 

«< 

it 

«< 

» 

5281 

5275 

419 

889 

03 

1.854 

it 

*« 

u 

44 

5424 

5426 

480 

991 

04 

1.852 

Aluminum 

«« 

*  i 

2.70 

7574 

7563 

328 

1605 

05 

1.860 

Magnesium 

H 

4i 

1.74 

7233 

7219 

271 

2161 

06 

1.852 

** 

i* 

“ 

7048 

7054 

249 

2029 

07 

1.854 

t* 

«« 

4  4 

44 

7027 

7030 

246 

2010 

08 

1.861 

*« 

4* 

•• 

7220 

7203 

269 

2148 

09 

1.855 

Transarryl 

44 

1.18 

6489 

6485 

196 

2560 

10 

1.856 

cp  50  h  200 

Water 

44 

1 

5990 

6054 

161 

2656 

11 

1.856 

•* 

4  4 

1 

6022 

6087 

163 

2679 

12 

1.864 

Argon 

286 

705 

0.874 

5383 

5384 

133.8 

2828 

13 

1.852 

289 

588 

0.799 

5281 

5309 

122.4 

2873 

14 

1.855 

291 

493 

0.723 

5488 

5518 

124.3 

3102 

15 

1.864 

289 

415 

0.658 

5583 

5599 

120 

3240 

16 

1.863 

287 

297 

0.524 

5627 

5651 

103.3 

3480 

17 

1.864 

•• 

285 

100 

0.184 

5593 

5631 

43.4 

4169 

18 

1.864 

287 

70 

0.126 

5848 

5888 

34.2 

4607 

19 

1.855 

M 

286 

50 

0.089 

5894 

5958 

25.5 

4810 

20 

1.864 

286 

40 

0.071 

5941 

5986 

20.8 

4908 

21 

1.850 

.. 

290 

30 

0.052 

6064 

6144 

16.4 

5164 

22 

1.855 

291 

20 

0.034 

6199 

6269 

11.5 

5384 

23 

1.850 

290 

10 

0.017 

6430 

6513 

6.4 

5757 

24 

1.860 

1— . .  . . . 

291 

_ 

5 

0.008 

6607 

6668 

3.4 

6000 

The  first  one  WCA4  (3)  coupled  to  the  ETARC 
thennochemical  code  relies  on  the  Weeks-Chandler- 
Andersen  theory  for  the  fluid  phase  of  the 
detonation  products.  For  CHNO  explosives,  a 
solid  carbon  phase  can  also  exist,  in  particular 
for  T,  and  T2  compositions.  In  these  cases,  a 
pressure  and  temperature  equilibrium  is  realized 
between  the  two  phases.  For  carbon,  assumed 
lo  be  formed  in  the  graphite  or  diamond  phase, 
an  equation  of  state  of  the  Cowan-Fickett  type 
is  used.  For  a  simple  liquid.  WCA  theory  is  in 
good  agreement  with  Monte-Carlo  or  molecular 
dynamics  results.  Each  component  of  detonation 


products  is  described  with  an  exponential  —6 
intermolecular  potential  fitted  to  experimental 
data.  Very  classical  mixture  laws  between  poten¬ 
tial  coefficients  of  pure  components  are  used; 
excess  properties  are  in  rather  good  agreement 
with  Monte-Carlo  simulations.  The  detonation 
performances  of  an  explosive  are  deduced  from 
such  an  EOS  without  any  other  parameter. 
Several  results  on  various  explosive  composi¬ 
tions  have  been  calculated  with  success.  (14). 

The  second  one  WM  coupled  to  the  ARPEGE 
thermochemical  code  (9)  relies  on  the  classical 
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BKW  equation  f  state  with  an  empirical  WM 
isentrope.  The  rsKW  k  and  fi  coefficients  leading 
to  the  “CJ”  values  are  obtained  from  measured 
stick  velocities.  The  adjustable  WM  isentrope 
coefficients  are  calibrated  n  a  detonation  ex¬ 
periment  (2)  with  a  fluid  flow  pattern  different 
from  the  one  described  in  Section  II  A. 

Figure  6  (for  composition  T2)  shows  that  our 
experimental  points  up  to  13.3  GPa  lie  on  the 
WM/BKW  isentrope.  Agreement  is  good  for  p 
<  3.4  GPa  (as  for  the  case  of  the  DLI 
measurements)  while  slight  discrepancies  start 
to  appear  around  10  GPa.  Two  WCA4  isen- 
tropes  are  also  shown  (3),  the  upper  one 
corresponding  to  carbon  formed  in  the  graphite 
phase  (notation  g)  and  the  lower  one  to  carbon 
formed  in  the  diamond  phase  (notation  d). 

The  same  comparisons  are  also  performed  for 
composition  Tj,  with  the  same  argon  EOS  as 
above.  F'or  this  composition.  DLI  measure¬ 
ments  are  not  available  so  far.  Figure  7  shows 
our  experimental  argon  points. 


Figure  3  compares  them  to  the  WM/BKW 
and  WCA4  isentropes.  Above  4.5  GPa,  the 
argon  points  are  below  the  low  WM/BKW 


Fig.  7  Detonation  product  Hugoniot  and  ex¬ 
pansion  isentrope  for  composition  Tt 


isentrope,  with  a  change  of  slope  around  10  GPa 
at  the  crossing  of  the  argon  and  water  points. 
This  change  of  slope  is  less  sharp  for  composi¬ 
tion  T2  and  has  been  recently  the  object  of 
careful  analysis  for  composition  T,  around  10 
GPa  by  Zerah- Boissiere  (10),  using  an  argon 
EOS  differing  from  eqns.  (16-19).  These  authors 
use  the  same  experimental  shock  velocities  Ut, 
either  U0,  U3  or  U  but  modify  the  argon  shock 
Hugoniot  H(P0)  with  an  argon  EOS  technique 
similar  to  the  one  proposed  by  Ke-ley  (i  1).  The 


o,T  space  is  divided  into  three  regions  bounded 
by  the  straight  lines  e=eL>  T=L,  eg  and  TL  be¬ 
ing  adjustable  parameters.  For  q>ql  and  all  T’s 
the  electronic  part  ZeL(e.T)  of  the  partition  func¬ 
tion  is  computed  with  the  Liberman  (12)  self- 
consistent  field  model. 


Fig.  8.  Comparison  of  experimental  results  to 
calculations  for  composition  Tj.  The  calculated 
points  are  due  to  the  courtesy  of  Messrs.  Chirat- 
Baule  and  Sorel-Vanpoperynghe.  The  g  and  d 
curves  refer  to  carbon  formed  in  the  graphite 
and  diamond  phase. 

Agreement  of  this  model  with  liquid  and  solid 
argon  shock  data  (13)  is  quite  good.  The  value 
^=0.8  g/cm3  is  chosen.  For  e<Gi,.  two  analytic 
models  are  used  depending  on  the  temperature. 
For  T>Tj ,  a  linear  dependence  of  (total) 
pressure  on  density  is  used: 

p(e.T)  =  (g,gl)  P!gl.T)  (23) 

For  T<T^,  Z  takes  the  form 

Z(g.T)  =  C,(T/Tl)2  +  C2(T,Tl)3  (24) 

which  defines  at  any  q  a  value  of  ZvI  (q,T)  and 
an  electronic  pressure  pe(e,T). 

Empirical  variations  of  Tj  are  performed  until 
the  Hugoniot  H’(P0)  in  (p.p)  space  correspond¬ 
ing  to  eo=0.0013  g/cm3  goes  through  the  Los 
Alamos  experimental  points  of  Christian- 
Yarger  (15).  This  gives  Tj  =2.5  eV.  Agreement 
with  the  more  recent  data  of  Gryaznov  et  al.  (18) 
is  satisfactory.  These  data  also  correspond  to 
low  values  of  e0’s  and  g‘s.  Obviously,  they  are 
quite  far  awa>  from  our  experimental  regime  at 
P0  ranging  between  10  and  70  MPa  or  0.524  < 
q0  <  0.874  g/cm3. 
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The  effect  of  this  other  argon  EOS  is  to  raise 
the  experimental  isentrope  points  in  (p,u)  space 
around  10  GPa  and  bring  them  along  the  WCA4 
isentrope.  Below  3  GPa,  there  is  little  change 
between  the  two  EOS.  This  raises  the  question 
of  the  experimental  verification  of  the  argon 
equation  of  state.  Preliminary  experiments 
endeavouring  to  answer  this  question  are 
presented  in  the  next  Section. 

IV.  Further  Improvements 

A  closer  look  at  Section  II  shows  that  in  fact 
the  argon  equation  of  state  is  required  so  that 
the  material  velocity  at  the  explosive-argon  in¬ 
terface  u  be  deduced  from  the  shock  velocity  U. 
Reversing  the  argument,  the  simultaneous 
knowledge  of  Ue  and  uG  in  the  experiments 
described  in  Section  1 1  would  eliminate  the  need 
for  the  argon  EOS.  Instead  of  obtaining  a  point 
on  the  HE  expansion  isentrope  (Fig.  1)  by  the 
intersection  of  H(P0)  and  the  straight  line 

p-Pn  =  o0Ucu  (25) 

this  point  would  be  the  point  of  abscissa  ue  on 
the  straight  line  defined  by  (25).  Such  an  ex¬ 
perimental  determination  is  not  possible  for 
high-explosive  in  direct  contact  with  argon,  so 
that  a  different  one  has  to  be  performed.  The 
shock  velocity  Ut.  and  the  material  velocity  ut. 
behind  it  are  simultaneously  measured  not 
when  the  explosive  is  adjacent  to  argon  in  which 
case  the  interface  velocity  cannot  be  followed 
precisely,  but  when  the  explosive  is  replaced  by 
an  inert  material  such  as  aluminum  ( A9)  or  cop¬ 
per.  This  plate  is  driven  by  an  external  gener¬ 
ator  which  has  to  deliver  a  sustained  shock  of 
constant  amplitude  during  a  time  of  the  order 
of  1.5  ps  compatible  with  the  diagnostic  tech¬ 
niques.  The  diagnostics  have  to  be  able  to 
measure  simultaneously  both  the  shock  velocity 
in  argon  U  and  the  material  velocity  of  u  of  the 
piston  driving  it.  For  this  parameter,  we  have 
chosen  Doppler  Laser  ..uerferometry  and  per¬ 
formed  preliminary  experiments  to  demonstrate 
the  viability  of  the  technique.  Since  argon  is 
ionized  by  the  shock,  it  was  important  to  check 
experimentally  that  the  electron  density  nG 
would  remain  below  the  critical  density  nc  = 
4.2  10- ‘  m  '  '*  cutting  off  the  laser  radiation  at 
A  =  0.5145  nm.  Even  for  P0  =  1  atm.  (worst 
case)  eqs.  (11-19)  show  that  ne  remains  below 
nc.  The  simple  experimental  set-up  shown  in 


Fig.  9  confirms  the  calculation  since  Doppler 
shifted  fringes  are  registered  for  ~1.3gs.  The 
Doppler  shift  is  converted  into  velocities  u(t)  by 
standard  formulae.  The  result  shown  in  Figure 
10  does  not  take  into  account  any  correction  for 
the  variation  of  the  refraction  index  of  argon 
between  the  piston  and  the  shock  front.  This  is 
equivalent  to  the  assumption  that  the  refraction 
index  of  argon  varies  according  to  the 
Gladstone-Dalle  law.  The  first  plateau  in  Fig. 
10  at  3400  m/s  is  in  agreement  with  2uj,  Uj  be¬ 
ing  at  the  intersection  in  (p,u)  space  of  the 
release  isentrope  of  the  plane  wave  generator 
and  the  shock  Hugoniot  of  the  aluminum  plate. 
In  this  approximation,  argon  at  atmospheric 
pressure  is  identified  to  vacuum.  Future  im¬ 
provements  of  these  simple  evaluations  involve 
the  precise  calculation  of  the  refraction  index 
of  argon  at  density  q  and  temperature  T  (17)  and 
the  simulation  of  the  experiment  with  an 
hydrocode.  A  more  powerful  shock  generator  is 
being  defined,  capable  of  reaching  dynamic 
pressures  of  ~20  kb  in  an  argon  chamber 
designed  for  initial  filling  pressures  of  up  to  10 
MPa.  The  rotating  camera  techniques  described 
above  should  be  capable  of  measuring  the  shock 
velocity  in  argon,  thus  completing  the  experi¬ 
ment.  Higher  regions  in  (p.u)  space  will  be 
studied  by  our  colleagues  (18)  using  a  two  stage 
light-gas  gun  to  generate  the  shock. 


Fig.  9  Experimental  set-up  to  measure  the 
material  velocity  u  in  argon  at  atmospheric 
pressure  by  Doppler  Laser  Interferometry 
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Fig.  10a.  Doppler  shifted  fringes  recorded  on 
the  streak  camera  for  the  experimental  set-up 
of  Figure  9 


Fig  10b  Material  velocity  utt)  m  argon  deduced 
from  the  Doppler  shifted  fringes  without  refrac¬ 
tive  index  corrections 


CONTUSION 

Experimental  points  have  been  obtained  on 
the  expansion  isentropes  of  two  TA'l'H  explosive 
compositions  using  the  impedance  matching 
technique  with  argon  as  the  adjacent  inert 
medium.  Data  analysis  is  performed  so  far  with 
a  simplified  argon  equation  of  state.  The  experi¬ 
mental  results  are  compared  to  1)1,1  measure¬ 
ments  and  to  calculations  using  two  explosive 
equations  of  state  combining  various  hypotheses. 
In  order  to  obtain  better  information  about  the 
equation  of  state  of  argon,  experiments  are  in 
progress  to  measure  simultaneously  the  shock 
and  material  \elocities  in  gaseous  argon.  The 
practicability  of  Doppler-Laser  Interleroinetry 
for  the  material  velocity  has  been  established 
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The  results  of  ab  initio  molecular  orbital  calculations  are  presented 
for  the  energetic  molecules  HN3,  CH3NO2,  CH gNH N02,  TNT  and 
RDX.  These  calculations  have  been  geometry  optimised,  and  where 
possible  the  results  compared  with  experimental  data.  Computed 
potential  energy  surfaces  for  unimolecular  bond  scission  reactions 
in  HN3  and  CIi3N02  are  also  reported.  The  likely  effects  of  high 
pressure  on  the  decomposition  of  explosives  are  discussed,  and  it  is 
suggested  that  the  heavy  metal  azides  may  show  a  significant  re¬ 
duction  in  activation  energy  with  increase  in  pressure. 


1.  INTRODUCTION 

Most  theoretical  work  on  explosives  has,  un¬ 
til  recently,  concentrated  on  the  hydrodynamic 
aspects.  The  hydrodynamic  theory  of  detona¬ 
tion  has  been  used  with  considerable  success  to 
predict  detonation  properties  without  the  need 
for  detailed  chemical  information.  However,  its 
very  strength,  in  that  it  requires  no  knowledge 
of  electronic  structure  and  kinetics,  is  also  its 
weakness,  for  it  cannot  be  used  to  make  predic¬ 
tions  concerning  the  chemical  reactions  occur¬ 
ring  or  on  the  rates  of  energy  release  which  are 
dependent  on  them.  The  understanding  of  time- 
dependent  properties,  such  as  shock  initiation 
and  deflagration  to  detonation  transition 
(DDT),  requires  a  more  fundamental  approach 
which  considers  the  detailed  chemical  processes. 

Recently  there  has  been  an  increased  aware¬ 
ness  of  the  need  to  consider  explosives  at  a  mo¬ 
lecular  level.  Because  of  the  difficulties  in  ob¬ 
taining  experimental  data  to  elucidate  reaction 
mechanisms  at  the  high  pressures  and  tempera¬ 
tures  occurring  in  explosions,  theoretical 
studies  are  particularly  valuable.  Whilst 
theoretical  studies  still  have  a  long  way  to  go 
it  is  clear  that  a  thorough  knowledge  of  the  elec¬ 
tronic  structure  of  explosives  and  the  potential 
energy  surfaces  for  the  possible  modes  of  reac¬ 
tion  must  form  the  basis  of  the  way  ahead. 

In  this  paper  ab  initio  RHF  and  UHF  molec¬ 
ular  orbital  calculations  are  reported  for  a  number 


of  energetic  species.  All  calculations  have  been 
carried  out  on  a  CRAY-1  computer  using  a  vec¬ 
torised  form  of  the  GAUSSIAN  76  code  distrib¬ 
uted  by  QCPE(l).  The  calculations  are  single 
configuration  and  employ  a  range  of  standard 
contracted  gaussian  basis  sets  (2,  3,  4,  5).  The 
basis  sets  used  have  depended  for  practical  rea¬ 
sons,  on  the  molecuie  considered,  and  are  listed 


below: 

(i) 

STO-3G:  A  minimal  basis  set  with  degree 
of  contraction  =  3 

(ii) 

STO-6G:  A  minimal  basis  set  with  degree 
of  contraction  =  6 

(iii) 

6-3 1G:  A  split  valence  basis  set  with 
degree  of  contraction  =6 

(iv) 

6-31G**:  As  for  6-31G  but  augmented  by 
a  d-shell  of  6  second-order  gaussians  on 
each  first  row  atom,  and  an  uncontracted 
p-shell  on  each  hydrogen  atom. 

In  Section  2  we  present  the  results  of  calcula¬ 
tions  on  the  ground  states  of  HN3,  CH3N02, 
CH3NHN02,  TNT  and  RDX.  Geometry  optimi¬ 
sations  have  been  carried  out,  and  where  possi¬ 
ble  the  resulting  geometries  have  been  compared 
with  experimental  data.  Section  3  describes  the 
studies  being  undertaken  to  generate  potential 
energy  surfaces  for  decomposition  reactions  and 
details  the  surfaces  computed  for  unimolecular 
bond  scission  in  HN3  and  CH3N02.  In  Section 
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4  we  discuss  the  likely  effects  of  high  pressure 
on  the  decomposition  of  explosives,  and  in  par¬ 
ticular  the  inorganic  azides.  We  conclude  by  out¬ 
lining  our  future  program  and  briefly  describing 
some  preliminary  results. 

2.  GROUND  STATE  CALCULATIONS 


2.  The  results  of  these  calculations,  which  are  full 
geometry  optimisations,  are  summarised  in  Table 
2.  The  bond  lengths  and  angles  are  seen  to  be  in 
excellent  agreement  with  the  experimentally  de¬ 
termined  values  (10a).  As  expected,  theextended 
6-3 1G**  basis  set  yields  the  lowest  energy. 


2.1  Hydrazoic  Acid  (HN3) 

Hydrazoic  acid  is  a  low  boiling  point  liquid  with 
dangerously  explosive  properties.  Whilst  it  is  of 
no  practical  interest  as  an  explosive  it  is  of  theo¬ 
retical  interest,  being  the  simplest  azide.  Com¬ 
plete  geometry  optimisations  of  H  M3  have  been 
carried  out  in  two  basis  sets  (6-31 G**  and 
STO-6G)  and  the  optimum  geometries  found  are 
given  in  Table  1  along  with  the  experimental 
values  for  comparison.  A  diagram  of  the  molecule 
with  the  labelling  employed  is  shown  in  Fig.  1. 


Fig.  1.  Hydrazoic  Acid 

The  general  features  of  the  orbitals  and  charge 
distribution  were  found  to  he  in  agreement  with 
earlier  ab  initio  M.O.  studies  (refs  6  and  7),  which 
used  a  fixed  (experimental)  geometry.  The  total 
energy  calculated  using  the  6-3 1G**  basis  is  ap¬ 
proximately  0.3  a.u.  lower  than  the  best  pre¬ 
viously  reported  value  by  Wyatt  et  al.  (6).  Both 
basis  sets  give  bond  lengths  in  excellent  agree¬ 
ment  with  the  experimental  data,  but  the 
N 2N  j  H.t  bond  angle  is  too  low  by  about  6°  and 
12°  for  the  6-31G**  and  STO-6G  calculations 


o3 
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Fig.  2.  Nitro methane 

The  calculated  values  given  in  Table  2  refer  to 
the  molecule  in  the  lowest  singlet  state.  We  have 
also  performed  calculations  on  the  lowest  triplet 
state  and  for  STO-6G  the  triplet  state  was  found 
to  lie  0.0347  a.u.  below  the  singlet.  A  similar  sit¬ 
uation  was  found  with  the  STO-3G  minimal  basis 
set.  However,  calculations  employing  the  ex¬ 
tended  6-31G**  basis  set  gave  values  of 
-243.5944  a.u.,  and  -2  t3.6666  a.u.  for  the  trip¬ 
let  and  singlet  states  respectively.  Thus,  the  min¬ 
imal  basis  sets  predict  that  the  triplet  is  the 
ground  state,  whilst  the  extended  6-31G**  basis 
set  correctly  predicts  a  singlet  ground  state.  The 
inadequacy  of  minimal  basis  sets  to  correctly  pre¬ 
dict  the  ground  state  of  nitrocompounds  has  been 
reported  previously  (11),  and  attributed  to  a  sig¬ 
nificant  singlet  biradical  character  in  the  ground 
state. 

The  6-31G**  calculations  presented  here  pro¬ 
vide  a  starting  point  for  the  unimolecular  decom¬ 
position  reaction  discussed  in  Section  3.2. 

2.3  N-Methylnitraminc  (CH3NHN02) 


respectively.  The  6-3 1G**  optimised  geometry 
has  been  used  as  the  starting  point  for  a  study 
of  the  uni-molecular  decomposition  of  HN3,  the 
results  of  which  are  given  in  section  3.1. 

2.2  N'itromethane  (CH3N02) 

Nitromethane,  like  hydrazoic  acid,  is  a  liquid 
at  room  temperature.  Our  interest  in  nitrometh¬ 
ane  stems  from  the  fact  that  it  is  probably  the 
most  simple  explosive  that  carries  the  N02  func¬ 
tional  group. 

We  have  carried  out  isolated  molecule  calcula¬ 
tions  in  three  basis  sets  STO-3G,  STO-6G  and 
6-3 1G**,  using  the  geometry  illustrated  in  Figure 


N-methylnitramine  is  of  interest  as  a  prototype 
molecule  for  the  study  of  nitramine  explosives. 
It  appears  to  have  been  less  extensively  studied 
than  nitramine  (NH2N02)  and  N,N-dimethylni- 
tramine,  both  of  which  have  been  the  subject  of 
ab  initio  calculations  (12).  Some  limited  1NDO  cal¬ 
culations  have  been  performed  on  N-methylnitra¬ 
mine  113)  and  the  structure  has  been  partially  de¬ 
termined  by  electron  diffraction  (14).  Unlike  ni¬ 
tramine,  which  is  known  to  be  pyramidal  and 
N.N-dimethylnitramine  wliich  is  known  to  be 
planar,  electron  diffraction  experiments  were  un¬ 
able  to  reliably  determine  the  configuration  of  the 
bonds  formed  by  the  amine  nitrogen  atom.  Here 
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TABLE  1 

Results  of  Hydrazoic  Acid  Calculations 


.BASIS  SET 
PARAMETER  - - 

STO-6G 

6-31G** 

EXPERIMENTAL 
(8,  9) 

ENERGY  (a.u.) 

-163.2398 

-163.8420 

— 

DIPOLE  MOMENT  (D) 

1.4747 

1.7294 

0.847 

CHARGE  ON  Nj 

-  0.2442 

-  0.4975 

— 

CHARGE  ON  N2 

+  0.0745 

+  0.3871 

— 

CHARGE  ON  N3 

-  0.0015 

-  0.2074 

— 

CHARGE  ON  H4 

+  0.1713 

-f  0.3178 

— 

Nj  -  N2  (A) 

1.285 

1.235 

1.237 

N2-N3  (A) 

1.162 

1.100 

1.133 

N,  -  H4  (A) 

1.046 

1.006 

0.980 

n2n,k4 

102.0° 

107.8° 

114.1° 

TABLE  2 

Comparison  of  experimental  and  calculated  parameters  of  nitromethane 


Basis  Set 

6-31G** 

STO-6G 

STO-3G 

EXPERIMENTAL  (10a,  b) 

^\ENERGY  (a.u.) 

-243.6666 

-242.7453 

-240.4246 

— 

PARAMETER""-. 

C-N  (A) 

1.472 

1.592 

1.539 

1.489 

N-0  (A) 

1.188 

1.280 

1.270 

1.224 

C-H  (A) 

1.078 

1.089 

1.088 

1.088 

HCN 

107.6° 

107.4° 

107.9° 

107.2° 

ONC 

117.1° 

117.6° 

117.5° 

117.3° 

Dipole  moment 

4.010 

3.300 

3.171 

3.46 

(D) 

i 

1 

we  report  the  results  of  complete  geometry  op¬ 
timisations  using  ST0-6G  and  6-3 1G  basis  sets. 
The  molecular  geometry  is  illustrated  in  figure 
3  and  the  results  are  summarised  in  Table  3. 

The  results  reported  in  Table  3  refer  to  the 
lowest  energy  singlet  state.  However  as  was 
found  for  nitromethane,  the  STO-6G  minima! 
basis  set  predicts  a  triplet  ground  state,  the 
energy  of  the  triplet  being  0.0545  a.u.  below  the 
singlet.  The  6-3 1G  split  valence  basis  set  cor¬ 
rectly  predicts  a  singlet  ground  state,  with  the 
lowest  triplet  state  being  0.383  a.u.  higher  in 
energy.  It  is  also  interesting  to  note  that  the  op¬ 


timum  geometry  predicted  by  the  STO-6G  calcu¬ 
lation  is  pyramidal  whilst  the  6-31 G  basis  gave 
the  lowest  energy  in  a  planar  conformation.  How¬ 
ever,  in  both  basis  sets  the  energy  does  not  seem 
to  be  greatly  altered  by  values  of  a  between  0° 
(planar)  and  =56°  (pyramidal).  In  particular  the 
STO-6G  calculation  gives  a  barrier  to  inversion 
of  only  0.0086  a.u.  (5.4  kcaLmole-1).  On  the  basis 
of  these  results  and  the  inconclusive  experimen¬ 
tal  evidence  it  seems  likely  that  the  planar  and 
pyramidal  forms  have  very  similar  energies,  and 
that  at  normal  temperatures  the  molecules  are  in¬ 
verting  rapidly. 
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Fig.  3.  Methyl  Nitramine 


TABLE  3 

Results  of  N-Methylnitramine  Calculations 


~~  — ~^_^BASIS  SET 

parameter""^ — ^ 

ST0-6G 

6-31G 

EXPERIMENTAL  (14,  15) 

ENERGY  (a.u.) 

-297.5801 

-298.5089 

— 

DIPOLE  MOMENT  (D) 

3.443 

5.772 

4.40 

N,  -  N2  (A°) 

1.472 

1.327 

1.381 

N2  -  04-5  (A°) 

1.284 

1.244 

1.228 

CG  -  N,  (A0) 

1.497 

1.460 

1.452 

N,  -  H,  (A0) 

1.042 

1.003 

1.021 

cy>  ~  *'*7,8.9  (A°) 

1.093 

1.088 

1.133 

o.,n2o6 

126.4° 

124.5° 

125.3° 

W2 

113.0° 

121.3° 

109.0° 

n2n,h 

104.3° 

114.6° 

— 

a* 

56. 1  ° 

O 

O 

o 

_ 

ft** 

22.8° 

o 

o 

o 

— 

*o  is  defined  as  the  angle  the  C6N[  bond  makes  with  the  H3N,N2  plane. 

**ft  is  defined  as  the  angle  of  rotation  of  the  nitro  group  about  the  NjN2  bond  relative  to  the  plane 

h3n,n2 


2.4  2.  1,  fi  -  Trinitrotoluene  (TNT) 

2.  4,  6  —  Trinitrotoluene  (TNT)  is  still  an 
important  and  widely  used  explosive.  Its  ther¬ 
mochemical  decomposition,  together  with  those 
of  other  nitroaromatics  has  been  the  centre  of 
intense  investigation  for  the  past  50  years.  Yet, 
despite  this  fact,  the  initial  decomposition  steps 
are  still  uncertain,  either  during  slow  decompo¬ 
sition  at  low  temperatures,  or  at  higher  temper¬ 
atures  when  the  reaction  is  self-sustaining. 

The  starting  point  for  elucidating  the  decom¬ 
position  reaction  mechanism  must  be  an  inves¬ 
tigation  of  the  structure  of  an  isolated  molecule. 


X-ray  crystallography  (16)  shows  that  TNT  oc¬ 
curs  in  the  crystal  in  two  forms,  A  and  B,  which 
differ  in  bond  lengths  and  angles,  but  maintain 
the  same  general  structure  (see  Figure  4).  How¬ 
ever,  the  TNT  molecule  is  not  as  symmetrical 
as  one  might,  think,  and  the  benzene  ring  is 
somewhat  distorted,  such  that  carbon  atoms 
carrying  nitro  groups  all  have  interior  angles 
greater  than  120°.  There  is  also  the  added  com¬ 
plication  of  steric  crowding  between  the  o-nitro- 
groups  and  the  methyl  group,  which  results  in 
the  nitro  groups  being  twisted  out-of-plane.  De¬ 
spite  these  distortions,  the  benzene  ring  itself 
is  reasonably  planar  in  both  forms.  The  methyl 


and  nitro  groups  are  displaced  from  the  ring 
plane. 
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Fig.  4.-2,  4,  6  Trinitrotoluene 

For  our  preliminary  studies  of  TNT  we  de¬ 
cided  to  carry  out  an  isolated  molecule  geome¬ 
try  optimisation.  The  symmetrical  structure 
illustrated  in  figure  4  was  chosen  as  the  basis 
of  these  calculations  as  a  geometry  optimisation 
would  necessarily  lead  to  a  symmetrical  struc¬ 
ture.  We  propose  at  a  later  date  to  carry  out 
calculations  using  the  experimental  geometry. 
All  our  calculations  were  limited  to  the  minimal 
basis  set  STO-3G,  and  the  results  are  given  in 
Table  4,  together  with  the  experimental  values 
obtained  by  x-ray  crystallography.  The  total 
energy  of  the  optimum  configuration  was  found 
to  be  -868.5775  a.u..  It  can  be  seen  that  the 
calculated  values  of  the  bond  lengths  are  in 
close  agreement  with  the  averaged  experimen¬ 
tal  values.  However,  the  calculated  dihedral 
angles  between  the  o-nitro  groups  and  the  ring 
plane  are  slightly  smaller  in  magnitude  than  the 
averaged  experimental  results  of  forms  A  and 
B  (49°).  Our  calculations  do  show  however,  that 
the  lowest  energy  configuration  is  obtained 
when  the  o-nitro  groups  are  rotated  out  of  plane, 
such  that  0U  and  013  are  pointing  in  the  same 
direction,  away  from  the  plane  of  the  ring  (as 
illustrated  in  Figure  4).  This  is  in  agreement 
with  the  experimentally  determined  structure. 
The  difference  between  the  calculated  and  ex¬ 
perimental  dihedral  angles  is  not  unexpected  as 
the  angles  in  the  crystal  will  br  determined  not 
only  by  the  steric  effects  of  the  methyl 


group  but  also  by  the  intermolecular  packing. 
In  the  crystal  the  p-nitro  group  is  also  rotated 
out  of  the  ring  plane,  but  for  reasons  of  sym¬ 
metry  such  a  rotation  cannot  be  modelled  in  an 
isolated  molecule  calculation. 

The  results  of  our  TNT  calculations  have  not 
yet  been  fully  analysed,  and  we  intend  in  partic¬ 
ular  to  look  at  bond  overlap  populations  which 
can  be  used  as  indicators  of  bond  strengths  to 
help  identify  likely  initiation  mechanisms.  The 
preliminary  results  that  we  have  reported  here 
will  form  the  basis  for  a  future  investigation  of 
possible  decomposition  reactions. 

2.5  1,  3,  5-Trinitro-l,  3,  5-triazine  (RDX) 

The  compound  1, 3, 5-trinitro-l,  3, 5-triazine, 
better  known  as  RDX,  is  an  important  military 
explosive.  Two  polymeric  forms  of  RDX  are 
known,  RDX(I)  and  RDX(II).  The  structure  of 
RDX(I)  has  been  studied  by  a  number  of  work¬ 
ers  in  some  detail  (17,  18).  However,  RDX(II) 
is  extremely  unstable,  hence  its  crystal  struc¬ 
ture  has  not  been  completely  determined. 

RDX(I)  has  Cs  symmetry  (see  Figure  5)  with 
two  nitro  groups  in  axial  positions  and  the  third 
placed  equatorially  with  respect  to  the  triazine 
ring.  It  is  thought  that  this  structure  is  more 
strained  than  one  having  equivalent  N02 
groups.  RDX(II)  though,  is  believed  to  possess 
higher  symmetry  than  RDX(I).  Two  structures 
having  C3v  symmetry  have  been  proposed  for 
RDX(II),  one  having  axial  N02  groups,  and  the 
other  equatorial  N02  groups.  Simple  consider¬ 
ations  suggest,  and  CNDO  calculations  (19)  con¬ 
firm  that  a  C3v  structure  results  in  a  less  strained 
molecule.  Infra-red  spectral  studies  also  show 
that  whilst  RDX(I)  exists  only  in  the  solid  phase 
and  possesses  a  unique  structure  defined  by  Cs 
symmetry,  RDX(II),  the  liquid  and  the  gas 
phases  of  RDX,  all  have  C3v  symmetry. 

It  seems  that  although  RDX(I)  is  a  strained 
molecule,  crystal  forces  give  it  stability  at  room 
temperature.  In  fact,  RDX(I),  despite  its  strained 
molecular  geometry,  is  much  more  stable  than 
RDXfll).  Moreover,  the  RDX(II)  lattice  readily 
converts  to  the  RDX(I)  lattice. 

In  our  molecular  orbital  studies  on  RDX  we 
have  limited  our  attention  so  far  to  the  RDX(I) 
Cs  structure  illustrated  in  Figure  5,  although  it 
is  our  intention  to  examine  the  C3v  structures  in 
the  near  future.  We  have  carried  out  partial  ge¬ 
ometry  optimisations  in  the  STO-3G  minimal 
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Fig.  5.  RDX  (1, 3,5-  Trinitro  -1,3,5-  Triazine) 

basis  set  and  the  results  together  with  the  ex¬ 
perimental  values  are  given  in  Table  5.  The  bond 
lengths  and  angles  are  in  reasonable  agreement 
with  experiment.  However,  these  calculations 
require  further  refinement  because  of  the  com¬ 
plex  geometry  of  the  RDX  molecule,  and  are  not 
yet  fully  analysed. 

Further  studies  on  RDX  will  include  unimo- 
lecular  bond  scission  processes  such  as  cleav¬ 
age  of  the  nitramine  N-N  bond,  as  well  as  other 
intramolecular  reactions.  As  has  been  pointed 
out  by  Hariharan  et  al.  (20),  it  will  probably  be 
necessary  to  use  configuration  interaction  to  ob¬ 
tain  a  good  representation  of  the  bond  break¬ 
ing  process.  It  is  clear  though,  that  intermolec- 
ular  crystal  forces  play  a  crucial  role  in  giving 
stability  to  RDX(I),  and  it  is  desirable,  if  at  all 
possible,  to  study  their  effect.  There  is  certain¬ 
ly  some  evidence  that  the  crystal  structure  is 
somewhat  c'i;  torted  from  that  predicted  by  the 
geometry  optimisation,  lending  further  support 
to  the  assertion  of  a  strained  molecule  whose  ge¬ 
ometry  is  strongly  influenced  by  intermolecular 
forces. 

3.  POTENTIAL  ENERGY  SURFACES 

3.1  Unimotecular  Decomposition  of  Hydrazoic 
Acid 

Whilst  a  number  of  mechanisms  can  be  pro¬ 
posed  for  the  decomposition  of  hydrazoic  acid 
there  is  considerable  evidence  from  matrix  iso¬ 
lation  studies  (21),  gas  phase  photolysis  (22,  23) 
glow  discharge  (24)  and  pyrolysis  (24)  experi¬ 
ments  that  the  primary  and  rate  determining 
step  for  these  decomposition  regimes  is  scission 
of  the  Nj  -  N2  bond  to  form  nitrogen  and  the 
inline  radical  (NH). 


HN3 — >-NH  +  N2 

We  therefore  decided  to  begin  our  investiga¬ 
tion  of  hydrazoic  acid  decomposition  by 
computing  the  potential  energy  surface  for  this 
process.  The  results  are  given  in  Figure  6,  which 
is  a  plot  of  energy  against  Nj  —  N2  separation, 
computed  using  a  6-31G**  basis  set.  The  plot 
was  generated  by  stretching  the  Nj  —  N2  bond 
from  its  equilibrium  value  in  increments  of 
0.1  A0  and  fully  optimising  the  geometry  at  each 
point. 
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Fig.  6.  Potential  Energy  Surface  for  the  Uni- 
molecular  Decomposition  of  HN3  (HN — N^l 

AE*  =  0.044  a.u.  (27.6  kcal  mole  -1 
AE  =  0.648  a.u.  (40.7  kcal  mole  -1 

It  can  be  seen  that  the  singlet  ground  state 
rises  in  energy  as  the  bond  stretches,  before  pas¬ 
sing  over  a  very  shallow  maximum  (lkcal 
mole-1)  at  1.9A0  to  form  N2  and  singlet  NH. 
Also  plotted  is  the  lowest  energy  triplet  state, 
which  at  -  N2  separations  below  1.6A0  is  a 
bound  state,  but  at  greater  separations  a  dis¬ 
sociative  triplet  state  is  lower  in  energy.  The  dis¬ 
sociative  triplet  state,  which  yields  the  products 
N2  and  triplet  NH  (the  3I  *  ground  state),  cros¬ 
ses  the  singlet  state  curve  near  to  its  maximum 
energy  and  at  an  Nj  —  N2  separation  of  1.74A0. 
The  activation  energy  (AE*)  is  determined  by 
this  crossing  of  the  singlet  and  triplet  curves 
and  is  found  to  be  0.044  a.u.  (27.6  kcal  mole-1). 
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TABLE  4 

Comparison  of  Experimental  and  Calculated  Parameters  of  TNT 


m 


TABLE  5 

Comparison  of  Experimental  and  Calculated  Parameters  of  RDX 


Bond  lengths  (A0) 

N1 

- 

n2 

N2 

- 

°3 

N2 

- 

°4 

N1 

- 

C5 

N1 

- 

C6 

C5 

- 

H? 

C5 

- 

B8 

C6 

- 

«9 

C6 

- 

H10 

C5 

- 

*15 

C6 

- 

*14 

N14 

- 

*16 

N15 

- 

N17 

N 1 6 

- 

°18 

*16 

- 

°19 

N17 

- 

°20 

**  1 7 

- 

°21 

*14 

- 

C11 

N15 

- 

C11 

C11 

- 

11 12 

n 

“ii 

H13 

Bond  Angles  (deg) 


*1 

- 

*2 

- 

°3 

*1 

- 

*2 

- 

°4 

*1 

- 

N2 

- 

C5 

*1 

- 

*2 

- 

C6 

*1 

- 

C5 

- 

H7 

N1 

- 

C5 

- 

"8 

N. 

- 

C6 

H9 

N1 

- 

C6 

- 

H10 

*14 

- 

C11 

11 12 

*15 

- 

C11 

- 

H 1  2 

N16 

- 

N14 

- 

C11 

*17 

- 

N15 

- 

C11 

N14 

- 

N16 

- 

°18 

N14 

- 

*16 

- 

°19 

N15 

*17 

°20 

N15 

*17 

0  2 1 

Experimental  values 


1.351(3) 

1.233(4) 

1.209(5) 

1.464(4) 

1.450(4) 

1.092(8) 

1.058(10) 

1.088(8) 

1.075(9) 

1.443(4) 

1.440(4) 

1.398(3) 

1.392(3) 

1.205(2) 

1.201(5) 

1.207(5) 

1.203(5) 

1.458(4) 

1.468(4) 

1.085(8) 

1.087(7) 


17.2 

17.8 
19.7 

20.9 
1 10.0 
109.9 
109.6 

111.3 

110.7 

110.1 

117.5 

116.6 
117.0 

117.3 

116.8 
117.2 


Calculated  values 


1.098 
1.102 
1 . 102 
1 .098 
1.504 
1.504 
1.486 
1.486 
1.279 
1.290 
1.279 
1.292 
1.433 
1.433 
1.100 
1.106 


121.5 

121.5 

110.7 

110.5 
112.1 
108.  1 

111.8 
111.8 
115.1 

115.1 

117.1 
117.1 
117.4 
117.4 
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There  appears  to  have  been  no  experimental  de¬ 
termination  of  AE*.  The  reaction  is  predicted  to 
be  exothermic  by  0.064  am.  (40.7  kcal  mole-1) 
which  is  in  rather  poor  agreement  with  Gray 
and  Waddington’s  (25)  deduction  from  experi¬ 
mental  data  that  the  reaction  is  nearly  thermo¬ 
neutral  (~  5kcal  mole-1  endothermic).  The  cal¬ 
culated  heats  of  formation  (AH{)  of  HNg  and 
NH  (3I~)  are  87.68kcal  mole-1  and  47.08kcal 
mole-1  respectively,  as  against  experimental 
values  (25)  of  71.66kcal  mole-1  and  77kcal 
mole-1.  It  can  therefore  be  seen  that  the  exces¬ 
sive  exothermicity  predicted  for  the  reaction  is 
largely  the  result  of  the  low  heat  of  formation 
calculated  for  NH.  This  is  a  common  situation 
with  SCF  MO  calculations  as  correlation  energy 
plays  a  smaller  part  in  determining  the  energy 
of  triplet  states,  thus  lowering  the  energy  of 
triplet  states  relative  to  singlets. 

The  low  heat  of  formation  calculated  for  NH 
is  unlikely  to  have  a  significant  bearing  on  the 
calculated  activation  energy  as  the  triplet  curve 
crosses  the  singlet  near  to  its  shallow  maximum 
and  any  correction  would  move  the  crossing  to 
the  right  along  the  plateau  region.  Indeed  the 
low  activation  energy  calculated  seems  highly 
plausible  in  view  of  the  known  high  sensitive¬ 
ness  of  hydrazoic  acid.  As  part  of  our  future  pro¬ 
gram  we  intend  to  refine  these  calculations  and 
hopefully  improve  the  estimate  of  AE  by  the  use 
of  configuration  interaction. 


3.2  Unimolecular  Decomposition  of 
Nitromethane 

We  have  begun  our  investigations  of  nitrometh¬ 
ane  decomposition  by  looking  at  the  CH3— NG2 
unimolecular  bond  scission.  The  results,  which 
are  illustrated  in  Figure  7,  were  computed  us¬ 
ing  a  6-31 G**  basis  set.  Like  the  calculations 
on  hydrazoic  acid,  the  curves  were  obtained  by 
stretching  the  appropriate  bond  in  increments 
of  0. 1  A0  and  fully  optimising  the  geometry  at 
each  point. 

It  can  be  seen  from  Figure  7  that  the  energy 
of  the  lowest  lying  singlet  state  rises  as  the  C-N 
separation  increases  from  its  equilibrium  value, 
and  is  crossed  by  a  dissociative  triplet  state 
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Fig.  7.  Potential  Energy  Surface  for  the  Unimo¬ 
lecular  Decomposition  of  MeN02  (Me — N02) 

AE*  =  0.1016  a.u.  (63.7kcal  mole-1) 

AE  =  0.0725  a.u.  (45.5kcal  mole-1) 

at  C-N  =  2. 3 A0.  The  triplet  state  dissociates  in¬ 
to  CH3  and  N02  radicals,  with  an  overall  en- 
dothermicity,  AE  =  0.0725  a.u.  (45.5kcal 
mole-1).  This  is  somewhat  lower  than  the  ex¬ 
perimental  value  of  60.3kcal  mole-1  (26).  The 
discrepancy  between  the  experimental  and  cal¬ 
culated  values  probably  arises  for  the  same 
reasons  as  those  given  for  hydrazoic  acid.  The 
activation  energy  (AE*)  is  determined  by  the 
crossing  of  the  singlet  and  triplet  curves  and  is 
calculated  to  be  0.1016  a.u.  (63.7kcal  mole-1). 
It  is  likely,  for  the  reasons  given  above,  that  the 
calculated  activation  energy  is  also  sb'ghtly  low. 
As  for  hydrazoic  acid  it  is  intended  to  refine 
these  calculrtions  by  the  use  of  configuration 
interaction. 

4.  HIGH  PRESSURE  EFFECTS 

Detonation  pressures  in  solid  explosives  may 
be  in  excess  of  30GPa,  and  at  these  pressures 
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compressions  of  about  30%  are  to  be  expected. 
Whilst  shock  initiation  thresholds  may  be  con¬ 
siderably  lower  than  detonation  pressures,  for 
most  explosives  the  threshold  will  still  corres¬ 
pond  to  a  considerable  compression.  It  is  quite 
probable  that  at  such  high  pressures  electronic 
effects  may  substantially  alter  activation 
energies  and  possibly  lead  to  reactions  proceed¬ 
ing  by  different  mechanisms  to  those  observed 
at  ambient  pressure. 

High  pressure  can  be  regarded  as  having  two 
fundamental  effects  on  the  electronic  structure 
of  a  material  (27).  The  first  is  to  increase  the 
overlap  between  adjacent  molecular  orbitals, 
leading  to  increased  delocalisation  of  electrons 
and  a  consequent  broadening  of  allowed  energy 
bands.  The  second  effect  is  to  cause  a  relative 
displacement  of  one  type  of  orbital  with  respect 
to  another.  Both  of  these  effects  may  be  of  rele¬ 
vance  to  explosives. 

It  has  often  been  assumed  that  the  first  and 
rate  determining  step  in  the  decomposition  of 
secondary  explosives  is  an  endothermic  unimo- 
lecular  bond  scission  process.  However,  in  some 
cases  a  bimolecular  process  may  well  be  faster 
at  the  high  pressures  produced  by  a  shock  wave 
since  bimolecular  reactions  are  pressure  en¬ 
hanced  as  a  result  of  the  compressed  nature  of 
the  transition  state.  In  addition  to  the  enhance¬ 
ment  of  bimolecular  processes  Bardo  (28)  has 
pointed  out  that  pressure  could  also  lead  to  the 
lowering  in  energy  of  a  dissociative  excited  state 
relative  to  the  ground  state.  If  this  occurred  to 
the  extent  that  the  potential  energy  curves  in¬ 
tersect,  then  there  is  the  possibility  of  a  radia¬ 
tionless  transition  to  the  dissociative  state  and 
a  new  lower  barrier  for  bond  scission. 

For  insulators  and  semiconductors  the  most 
general  effect  of  pressure  is  a  reduction  in  the 
forbidden  t  rergy  gap  due  to  broadening  of  both 
the  conduction  and  valence  bands.  However, 
this  effect  may  be  either  complemented  or  op 
posed  by  relative  shifts  in  the  two  bands.  The 
optical  absorption  spectrum  of  many  insulating 
or  semiconducting  solids  shows  an  absorption 
edge,  wavelengths  below  the  edge  being  almost 
totally  absorbed.  The  f-equency  of  the  absorp¬ 
tion  edge  is  a  measure  of  the  forbidden  energy 
gap,  and  in  general  large  red  shifts  of  the  ab¬ 
sorption  edge  <:re  observed  with  increase  in 
pressure.  Such  sa  fts  may  be  of  significance  for 
a  number  of  explosives,  but  it  is  interesting  to 


consider  the  inorganic  azides  in  particular  since 
their  mode  of  decomposition  is  sufficiently  well 
understood  for  a  direct  comparison  to  be  made 
with  the  activation  energy. 

It  is  generally  believed  that  the  first  step  in 
the  decomposition  of  the  heavy  metal  azides 
(e.g.,  AgN3,  PbNg)  is  the  promotion  of  an  elec¬ 
tron  from  the  valence  to  the  conducting  band. 
The  reaction  then  proceeds  by  the  single  exo¬ 
thermic  step: 

2N3  — >3N2  —  AH  =  232  koal  mole-1 

The  band  gap  is  therefore  a  direct  measure  of 
the  activation  energy  for  photo-chemical  decom¬ 
position.  The  activation  energy  for  thermal  de¬ 
composition  is  lower  but  related  by: 

Eoptical  =  Xj 
^thermal  Kh 

where  K]  and  Kh  are  the  low  and  high- 
frequency  dielectric  constants. 

Whilst  there  do  not  appear  to  have  been  any 
results  reported  on  shifts  of  absorption  edge 
with  pressure  for  the  azides,  there  have  been  a 
number  of  experiments  reported  on  metal 
halides  (27).  These  compounds  have  similar 
bonding  to  the  azides,  the  electron  affinity  of 
the  azide  radical  being  between  that  of  bromine 
and  iodine.  Furthermore,  since  the  conduction 
band  is  an  excited  state  it  can  be  argued  that 
it  will  usually  be  more  sensitive  to  compression 
than  the  valence  band.  Consequently  it  is  often 
observed  that  changes  in  the  absorption  edge 
with  pressure  are  relatively  insensitive  to  the 
anion,  whose  wave  functions  mainly  form  the 
valence  band.  It  is  therefore  tempting  to  use  the 
results  for  the  halides  to  suggest  an  approxi¬ 
mate  magnitude  for  shifts  in  the  azides.  By  way 
of  example  lead  chloride  and  bromide  both  show 
a  red  shift  in  the  absorption  edge  of  about  0.5eV 
at  lOGPa.  It  is  clear  that,  if  the  azides  undergo 
shifts  of  similar  magnitude  the  activation  ener¬ 
gies  appropriate  to  detonations  will  be  signifi¬ 
cantly  lower  than  those  at  ambient  pressure.  It 
is  intended  that  these  effects  will  be  investi¬ 
gated  experimentally  using  diamond  anvil  cells. 

In  keeping  with  these  observations  on  the 
likely  effects  of  pressure  on  the  decomposition 
of  energetic  species  we  will  be  extending  our 
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MO  studies  in  an  attempt  to  simulate  pressure 
effects.  Work  has  recently  commenced  on  the 
effect  of  pressure  on  the  unimolecular  decom¬ 
position  of  HN3  and  CH3N02  which  were  dis¬ 
cussed  in  Section  3.  In  these  studies  two  mole¬ 
cules  are  being  placed  at  various  fixed  separa¬ 
tions  and  allowed  to  decompose.  It  will  be  par¬ 
ticularly  interesting  to  see  how  the  proximity 
of  a  neighbouring  molecule  effects  the  singlet/ 
triplet  crossing  and  therefore  the  activation 
energy.  It  is  also  proposed  to  look  at  various 
other  decomposition  mechanisms,  including  bi- 
molecular  processes,  for  these  and  other  ener¬ 
getic  species.  Figure  8  illustrates  the  results  of 
a  preliminary  calculation  on  two  nitromethane 
molecules  interacting  in  a  side-on  orientation. 
In  this  computation  all  internal  geometric  vari¬ 
ables  have  been  kept  fixed  at  the  equilibrium 
values  for  the  isolated  molecules.  The  results 
show  a  shallow  minimum  at  an  O-H  separation 
of  2.1A°  as  the  result  of  hydrogen  bonding.  At 
closer  separations  the  energy  rises  steeply. 

Finally,  it  is  hoped  to  correlate  our  future 
theoretical  work  on  pressure  effects  with  spec¬ 
troscopic  data  from  diamond  anvil  cell  experi¬ 
ments  on  a  range  of  energetic  species. 


Fig.  8.  2  CH:iN 02  Molecules  Side-on  (STO  3G) 
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The  electron  density  distribution  of  nitroquanidine  was  analyzed  with 
both  experimental  and  theoretical  techniques  to  determine  how  well 
these  methods  would  work  for  an  explosive  molecule.  Explosives  pre¬ 
sent  special  problems  with  these  methods  because  many  atoms  are 
usually  involved,  which  can  cause  the  calculations  to  become  intrac¬ 
table,  and  because  the  molecules  have  many  polar  bonds.  We  found 
that,  although  the  polar  character  of  the  space  group  made  the  ex¬ 
periment  analysis  difficult,  the  two  techniques  yielded  results  very 
much  in  harmony.  Specifically,  electrostatic  potentials,  which  play  a 
large  role  in  determining  crystal  geometry,  were  in  very  good  agree¬ 
ment.  A  discrepancy,  however,  was  observed  between  the  theoretically 
optimized  geometry  and  the  observed  geometry.  This  discrepancy  ap¬ 
pears  to  be  the  result  of  crystal  packing  forces  which  are  not  present 
in  the  theoretical  calculations.  We  also  observed  some  similarities  be¬ 
tween  the  hydrogen-bond  network  in  NQ  and  that  in  TATB. 


INTRODUCTION 

Nitroguanidine  (NQ)  is  an  explosive  noted  for 
its  shock  insensitivity.  The  large  scale  gap  test 
yields  O50  =  5.00  min,  for  a  sample  at  1.609 
g'cc,  and  both  Type  12  and  12B  drop  tests  give 
H50  >  320  cm  (l).  BKVV  calculations  give  Pcj  = 
318  kbar  and  DCJ  =  8.7  mm/ps,  using  the  ob¬ 
served  room  temperature  crystal  density  of  1.77 
g/cc,  and  Pe.  =  287  kbar  and  DCJ  =  8.4  mm/ps, 
using  the  observed  pressed  sample  density  of 
1.70  gicc.  In  comparison,  TATB  has  G50  = 
21.92  mm  from  the  large-scale  gap  test,  for  a 
sample  at  1.870  g/cc,  and  H50  >  320  cm  by  either 
drop  test.  At  1.895  g/cc,  PCJ  =  315  kbar  and  Dv. 
=  7.9  mm/ps  are  observed  (1).  Clearly  then,  NQ 
is  an  explosive  of  practical  importance. 


We  have  investigated  the  electron  density 
distribution  of  NQ  with  both  experimental  and 
theoretical  techniques  in  an  attempt  to  identify 
any  chara,  teristics  that  may  result  in  its  shock 
insensitivity,  such  as  the  hydrogen-bond  net¬ 
work  in  the  crystal,  and  to  determine  what 
changes  may  accompany  the  incorporation  of  a 
single  isolated  molecule  of  NQ  (for  which  the 
theoretical  results  are  appropriate)  into  the 
crystal  environment.  NQ  is  amenable  to  study 
with  ab  initio  molecular  orbital  calculations 
becaus.  of  its  relatively  small  size.  From  an  ex¬ 
perimental  standpoint,  the  crystals  are  hard  and 
have  relatively  small  thermal  motion  for  an 
organic  molecule.  Because  x-ray  diffraction  data 
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Fig.  1.  Bond  lengths  (k)  and  angles  (°)  in  NQ.  Upper  figures  are  from  the  present  work,  middle  figures 
are  neutron  diffraction  results  from  Choi  (7),  and  lower  figures  are  from  an  optimized  &31G  planar 
molecule.  Standard  deviations  for  the  present  work  are  0.0006-0.0009  A  for  heavy  atom  distances,  0.03 
A  for  N-H  distances,  0.1°  for  heavy  atom  angles,  and  1-2°  for  angles  involving  hydrogen.  Standard 
deviations  for  the  neutron  work  are  0.006-0.009  A  for  heavy  atoms,  0.02  A  for  N-H,  0. 7°  for  heavy  atom 
angles,  and  0.1°  for  angles  involving  hydrogen. 


can  be  obtained  rather  far  in  reciprocal  space,  it 
seemed  like  a  good  candidate  for  study.  Dif¬ 
ficulties  do  arise,  however,  because  NQ  crystal¬ 
lizes  in  the  non-centrosymmetric  space  group 
Fdd2,  which  is  polar  in  the  z  direction.  This  polar 
nature  introduces  large  correlations  between 
the  z  parameters  and  many  of  the  multipole 
parameters.  These  correlations  reduce  the  ac¬ 
curacy  of  the  results. 

METHODS 

Experimental:  X-ray  diffraction  data  were  col¬ 
lected  on  a  CAD-4  diffractometer  at  c.a.  - 160  °C 
with  graphite  monochromated  MoKo  radiation 
to  a  maximum  sin  61 A  =  1.22  A-1.  Crystal¬ 
lographic  data  and  details  of  the  data  collection 
are  available  from  the  authors  upon  written  re¬ 
quest.  The  data  were  processed  as  described 
previously  (2). 

Theoretical:  Molecular  orbital  cal  •ilations 
were  performed  with  the  program  H0ND05  (3), 
using  a  variety  of  basis  sets.  The  results  reported 
herein  were  obtained  with  the  6-3 1G  basis  set  (4), 
which  is  of  split-valence  quality,  but  lacks 
polarization  functions.  Calculations  were  per¬ 
formed  both  at  the  theoretically  optimized 
geometry,  using  the  6-3 1G  basis  set,  and  at  the 
experimentally  determined  geometry. 


The  electron  density  distributions  and  atom- 
centered  multipole  expansions  were  obtained 
from  the  approximate  wavefunctions  as  des¬ 
cribed  previously  (5).  X-ray  structure  factors 
were  calculated  from  the  approximate  wavefunc¬ 
tions  using  the  program  of  Chandler  and 
Spackman  (6). 

RESULTS 

Initial  Structure  Refinements:  The  structure 
was  refined  with  the  program  GENLES,  from 
the  Los  Alamos  Crystallographic  System,  using 
the  neutron  powder  diffraction  results  of  Choi 
(7)  as  a  starting  point.  A  high  angle  refinement 
(sin  0/A  >  0.8  A"1)  yielded  non-hydrogen  posi¬ 
tional  and  thermal  parameters  essentially  iden¬ 
tical  to  a  refinement  with  all  data  and  all  multi¬ 
poles  up  to  and  including  octopoles  (8).  The  posi¬ 
tional  and  thermal  parameters  from  the  multi¬ 
pole  refinement  are  given  in  Table  2.  The  derived 
bond  lengths  and  angles  are  shown  in  Fig.  1. 
Subsequent  refinements  had  little  effect  on  these 
parameters,  and  the  bond  lengths  and  angles 
shown  in  Fig.  1  did  not  change.  The  quantity 
minimized  in  the  initial  calculations  was 
Iw(F0-Fc)2  and  for  the  2642  observed  reflec¬ 
tions  wRf  =  0.030.  The  standard  deviations  of 
bond  lengths  in  this  work  are  a  factor  of  ten  less 
than  in  the  work  of  Choi  (7).  Bond  length  dif- 
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TABLE  1 

Crystallographic  Data  for  Nitroguanidine 


Space  Group:  Fdd2 
Lattice  Constants  (A 
(T 

26  Range 

=  0.70926  A  )  a 
~  —160  C)  b 

c 

Octants 

=  17.5671  (26)  A 
=  24.8511  (48)  A 
=  3.4880  (  9)  A 

Reflections 

Unique  Reflections 

0-  50° 

4 

1756 

394 

50  -  100° 

2 

3598 

1799 

100  -  120° 

1 

943 

943 

Total 

Observed  >  3o  (I) 

6297 

3136 

2642 

Comparison  of  Equivalent  Reflections 

Rf  =  0.0175 

Rf2  =  0.0291 
VVR,  =  0.0190 
WRf2  =  0.0483 

TABLE  2 

Positional  and  Thermal  Parameters  for  NQ 
The  U’s  have  been  multiplied  by  100 


Atom 

X 

y 

z 

0(1) 

0.17693(3) 

0.00984(2) 

0.20800* 

0(2) 

0.07292(3) 

0.02430(2) 

0.5226(3) 

Nil) 

0.25836(3) 

0.09303(2) 

0.0194(3) 

NI2) 

0.19567(4) 

0.17127(2) 

0.1604(4) 

N(3| 

0.13604(3) 

0.09513(2) 

0.3400(3) 

N(4| 

0.13000(2) 

0.04180(2) 

0.3549(31 

C 

0.19833(31 

0.11783(2) 

0.1676(3) 

H(l) 

0.297(1) 

0.114(1) 

■0.098(8) 

H(2) 

0.258(1) 

0.058(1) 

0.008(13) 

HI3) 

0.155(1) 

0.190(1) 

0.262(9) 

H(4( 

0.231(21 

0.193(11 

0.014(1) 

H  Positions  from  Neutron  Diffraction 

H<  1  > 

0.2986 

0.1166 

-- 0.0794 

11(2) 

0.2605 

0.0544 

0.0266 

U(3) 

0  1535 

0.1897 

0.2741 

11(4) 

0.2361 

0.1932 

0.0313 

Thermal  Parameters 

Atom 

un 

^22 

Vi2 _ 

JJ|3 

0(1) 

1  02(1) 

0.821 1) 

82(2) 

0.17(1) 

0.28(2! 

-  0.02(2) 

0(2) 

1  031 2) 

0.99(1) 

2  11(2) 

-0,11(1) 

0.52(2) 

0.19(2) 

N(l) 

0.82(1) 

1.07(1) 

1.38(2) 

-0.02(1) 

0.25(1) 

-0.03(1) 

N(2) 

1.38(2) 

0.760) 

)  20(2) 

-0.01(1) 

0.18(1) 

0.04(1) 

N(3) 

0.77(  1) 

0  76(1) 

1.20(2) 

-0.01(1) 

0.18(1) 

0.04(1) 

N(4) 

0.72(  1) 

0  78(1) 

1  15(2) 

0.02U) 

0.07(1) 

0.08(1) 

C 

0.80(  1 1 

0  82(1) 

1  04(21 

-0.04(1) 

0.09(1) 

-001(1) 

lid) 

19(7) 

H{2) 

6.1  (10) 

11(3) 

2.6  (7) 

11(4) 

6  0  (9) 

'ixed  to  define  the  origin 


ferences  are  less  than  2oChoi. 

Electron  Density  and  Electrostatic  Potential 
Calculations:  For  subsequent  work,  the  hydro¬ 
gen  atoms  from  the  x-ray  structure  were  fixed 
relative  to  N(l)  and  N(2)  according  to  the  N-H 
vectors  found  in  the  neutron  results  of  Choi  (7). 
Multipole  refinements  were  made  using  the 
VALRAY  system  of  programs  developed  by 
Stewart  and  co-workers.  Refinements  minimized 
2w(F02— Fc2) 2  and  all  3136  ~  ata  were  used.  For 
independent  atom  models  (IAM)  used  in  elec¬ 
trostatic  potential  calculation  and  in  difference 
electron  density  calculations,  Hartree-Fock  scat¬ 
tering  factors  were  used  for  heavy  atoms.  For 
hydrogen,  the  contracted  scattering  factor  of 
Stewart  et  al.  was  used  (9).  Two  models  were 
refined.  Model  I  refined  positional  parameters, 
anisotropic  thermal  parameters,  monopoles,  and 
x  for  the  heavy  atoms,  (x  is  a  parameter  that  ac¬ 
counts  for  the  contraction  or  expansion  of  the 
valence  shell  as  electrons  are  removed  or  added 
by  charge  transfer  (10).)  For  hydrogens,  the 
isotropic  thermal  parameters  and  monopoles 
were  varied  while  keeping  the  positions  fixed. 
Single  exponential  radial  functions  rn  exp  (— «r) 
were  used  for  the  valence  electrons  with  stand¬ 
ard  molecular  values  of  a  (1 1).  Hartree-Fock  scat¬ 
tering  factors  were  used  for  the  core  electrons. 
Model  II  introduced  dipoles,  quadrupoles,  and 
octopoies  for  the  heavy  atoms.  The  weighted 
residual  of  0.093  obtained  with  this  model  is 
higher  than  one  would  like,  and  is  much  higher 
than  the  refinement  based  on  F  with  the 
GENLES  program  noted  earlier.  The  weak  or 
unobserved  reflections,  most  of  which  are  at  high 
angles,  are  generally  omitted  in  an  F  refinement. 
Many  of  the  reflections  over  100°  20  were  sub¬ 
ject  lo  a  systematic  error  because  the  gonimeter 
head  was  sometimes  in  the  cold  stream.  Model 
II  gives  the  most  accurate  parameter  set, 
however,  and  is  used  for  subsequent  calculations. 

Figure  2  shows  a  model  deformation  density 
map.  It  shows  the  expected  features:  i.e.,  in¬ 
creased  density  in  the  bonding  regions  and  in  the 
lone-pair  regions.  The  average  variance  of  this 
function  is  about  0.06  eA  " 3 

The  electrostatic  potential  (EP)  of  the  mole¬ 
cules  as  they  occur  in  the  crystal  was  calculated 
directly  from  the  diffraction  data  (12).  A  plot  of 
the  EP  is  shown  in  Fig.  3.  For  this  figure,  the 
variance  peaks  at  about  0.2  at  the  atom  centers 


Fig.  2.  Deformation  electron  density  of  NQ 
calculated  as: 

WQwoder  Siam 

The  plane  is  that  of  C,  N(2),  N(3).  The  origin  is 
at  the  midpoint  of  the  C-N(3)  bond  and  the  x- 
direction  is  along  the  C-N(2)  bond.  Contours  ap¬ 
pear  every  0.1  ek~3. 


Fig.  3.  Electrostatic  potential  of  NQ  in  the  unit 
cell  The  plane  and  orientation  of  the  molecule 
are  the  same  as  shown  in  Fig.  2.  Contours  are 
at  02  e  k~!.  (1  e  A  1  —  332.1  kcal/mole.}. 
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Fig.  4.  Electrostatic  potential  difference  between 
Model  If  and  I  AM  model  Contours  occur  every 

0.1  e  A 

and  is  about  0.12  to  0.08  e  A-1  at  the  -0.2  to 
—0.4  contours. 

Figure  4  illustrates  the  difference  between  the 
electrostatic  potential  obtained  from  Model  II 
and  that  obtained  from  the  IAM.  This  is  a 
measure  of  the  potential  differences  that  occur 
upon  formation  of  a  molecule  from  independent 
atoms.  The  variance  in  this  map  is  the  same  as 
in  Fig.  3. 

Theoretical  Calculations:  The  energy  opti¬ 
mized  geometry  obtained  for  NQ  with  the  6-3 1G 
basis  set  is  indicated  in  Fig.  1,  along  with  the 
experimental  results.  These  calculations  were 
performed  assuming  a  planar  structure,  but  op¬ 
timizing  all  other  geometrical  variables. 

X-ray  structure  factors  were  calculated  using 
the  6-3 1G  basis  set  and  the  experimental  geom¬ 
etry  (H  atom  positions  were  obtained  from  Choi). 
These  calculations  take  account  of  thermal  mo¬ 
tion  through  the  observed  thermal  parameters, 
except  for  those  of  hydrogen,  which  were  taken 
at  1 . 1  times  the  equivalent  isotropic  parameters 
of  the  attached  nitrogen  atom.  These  structure 
factors  were  then  subjected  to  the  same  model 
refinements  as  were  the  observed  data  and  used 
to  construct  deformation  maps,  electrostatic 
potential  maps,  and  the  difference  electrostatic 
potential  maps.  The  quantities  obtained  in  this 


fashion  are  illustrated  in  Figs.  5, 6,  and  7.  These 
quantities  are  to  be  compared  with  the  ex¬ 
perimental  quantities  illustrated  in  Figs.  2,  3, 
and  4,  respectively. 

The  density  deformation  map  at  the  theoreti¬ 
cally  optimized  geometry,  which  shows  how  the 
electron  density  distribution  of  the  molecule  dif¬ 
fers  from  that  of  a  superposition  of  spherically- 
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Fig.  5.  As  Fig.  2,  but  calculated  from  the 
theoretical  structure  factors.  Contours  are  at  0.2 
e 
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Fig.  6.  As  Fig.  3.  but  calculated  from  the 
theoretical  structure  factors 


averaged  atoms,  is  shown  in  Fig.  8.  This 
theoretical  map  is  obtained  in  a  manner  roughly 
analogous  to  that  used  to  determine  the  maps 
illustrated  in  Figs.  2  and  5,  but  does  not  include 
vibrational  or  thermal  motion  in  the  molecule. 
Partly  because  of  this,  its  features  are  more  pro¬ 
nounced  than  those  in  Figs.  2  and  5. 
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Fig.  8.  Density  deformation  map  as  obtained 
from  the  single-molecule  theoretical  calculation 
Fig.  7.  /Is  Fig.  4,  but  calculated  from  the  without  consideration  of  thermal  or  vibrational 
theoretical  structure  factors  motion.  The  illustrated  plane  contains  all  the 

atoms,  the  positions  of  which  are  indicated  by 
Atom-centered  multipole  expansions  were  also  heavy  circles.  The  nitro  group  is  in  the  upper  left- 

obtained  at  the  theoretically  obtained  geometry.  hand  quadrant.  Solid  lines  indicate  positive 

These  expansions  were  then  used  to  determine  values,  dashed  lines  indicate  negative  values, 

the  electrostatic  potential  of  an  isolated  molecule  and  the  combination  dashed  and  dotted  lines  in- 

of  NQ  at  rest,  which  is  illustrated  in  Fig.  9.  dicate  zero  as  a  value.  Contours  occur  0.2  e  A-3. 


DISCUSSION 

Molecular  Geometry:  The  structure  has  been 
previously  discussed  by  Choi  (7)  and  by  Bryden 
et  al.  (13).  Nitroguanidine  is  a  nearly  planar 
molecule.  0(1)  deviates  the  most,  and  is  about 
0.08  A  from  the  least-squares  plane.  The  nitro 
group  is  twisted  about  3°  from  the  plane  of  the 
carbon  and  nitrogen.  These  results  suggest  that 
the  assumption  of  a  planar  molecule  in  the 
theoretical  geometry  optimization  calculations 
is  reasonable. 

Hydrogen  Bonding:  There  are  ribbons  of 
molecules  connected  by  the  shorter  hydrogen 
bonds  N(1)-H{1) — N(3),  which  have  HU) — N(3) 
distances  of  2.16  A  and  Nil) — N(3>  distances  of 
3.10  A,  and  N(2)-H(4) — 0(2),  which  have  H(4)- 
— 0(2)  distances  of  2.00  A  and  N(2) — 0(2) 
distances  of  2.91  A.  These  ribbons  are  alternately 


on  the  301  and  30l  planes,  the  adjacent  ribbons 
being  joined  by  the  longer  hydrogen  bonds  N(2)- 
H(3) — 0(1),  which  have  H(3) — 0(1)  distances 
of  2.37  A  and  N(2) — 0(1)  distances  of  3.25  A, 
andN(l)-H(2)-> -0(1),  which  have  H(2) — 0(1) 
distances  of  2.28  A  and  N(l) — 0(1)  distances  of 
3.00  A.  Of  note  is  an  apparent  intra-molecular 
hydrogen  bond,  N(l)-H(2) — 0(1). 

Some  authors  have  suggested  that  a  hydro- 
gen-bond  network  in  a  crystal  acts  as  an  energy 
sink  by  providing  many  weak  bonds  that  can  be 
broken  with  little  effect  on  the  explosive  single 
molecule  (14).  This  implies  that  the  hydrogen- 
bond  network  results  in  a  decreased  sensitivity 
of  the  crystal  relative  to  a  hypothetical  crystal 
without  hydrogen-bonds.  The  insensitive  explo¬ 
sives  TA'I'B  and  NQ  are  somewhat  similar  in 
that  both  are  approximately  planar,  both  have 


intramolecular  hydrogen  bonds,  and  both  have 
many  inter-molecular  hydrogen  bonds.  It  is 
known  that  TATB  is  layered  in  an  almost 
graphitic  fashion.  In  contrast,  the  ribbons  of 
NQ  joined  by  strong  hydrogen  bonds  are  near¬ 
ly  planar,  but  adjacent  ribbons  joined  by  weak 
hydrogen  bonds  are  canted  by  about  22°. 


One  explanation  is  that,  because  of  the  large 
and  polar  character  of  NQ,  the  current  level 
theory  is  still  inadequate  to  give  a  proper 
description  of  the  molecule.  Calculations  in¬ 
cluding  polarization  functions  were  carried  out, 
but  indicate  no  improvement  in  the  geometry 
compared  with  the  x-ray  structure. 


Fig.  9.  Electrostatic  potential  map  as  obtained 
from  atom-centered  multipole  expansions  fora 
single  molecule  without  consideration  of  ther¬ 
mal  or  vibrational  motion.  The  illustrated  plane 
and  contour  line  types  are  the  same  as  in  Fig. 
8.  Contours  occur  every  10  kcaL 

The  intra-molecular  hydrogen  bond  found  in 
NQ  suggests  the  possibility  of  an  energetically 
accessible  aci-form  that  arises  from  actually 
transferring  11(2)  to  0(1).  Preliminary 
theoretical  calculations  indicate  that  the  aci- 
form  of  NQ  lies  within  40  kcal  of  NQ  itself. 

Effects  of  Crystal  Environment:  A  comparison 
of  the  calculated  and  observed  geometrical 
parameters  (Fig.  1)  reveals  some  serious 
discrepancies.  In  particular,  the  theoretical 
predictions  of  R(C-N)  and  R(N-N)  are  unusually 
poor  for  this  level  of  theory.  Despite  the  large 
differences  in  the  geometrical  parameters,  the 
energy  difference  between  the  theoretically 
energy-optimized  structure  and  that  observed  is 
only  4.5  kcal.  Nevertheless,  the  bond  length 
discrepancies  are  abnormally  large  and  require 
an  explanation. 


Another  explanation  is  that  the  crystal  en¬ 
vironment  induces  a  change  in  geometry  from 
that  of  an  isolated  molecule  in  field-free  space, 
for  which  the  calculations  are  most  appropriate. 
This  explanation  is  supported  by  the  existence 
of  a  charge-separated  resonance  structure  for 
NQ  that  would  be  stabilized  in  the  crystal  en¬ 
vironment  and  that  would  explain  the  observed 
pattern  of  discrepancies  between  the  calculated 
and  observed  structures.  So,  in  the  resonance 
structure  illustrated  below,  formal  double  bonds 
occur  where  the  calculations  predict  a  bond  too 
long  and  formal  single  bonds  appear  where  the 
calculations  predict  a  bond  too  short. 
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Thus,  an  increased  contribution  of  this 
resonance  structure  in  the  crystal  would 
shorten  the  formally  single  bonds,  which  ac¬ 
quire  some  double  bond  character,  and  lengthen 
the  formally  double  bonds,  which  acquire  some 
single  bond  character,  relative  to  those  expected 
for  an  isolated  molecule  in  field-free  space.  The 
calculated  multipole  expansions  at  the  theoret¬ 
ical  and  observed  geometries  indicate  changes 
in  the  charge  distribution  expected  from  the 
greater  contribution  of  the  above  resonance 
structure  in  the  crystal. 

We  are  pursuing  higher  levels  of  theory  and 
an  investigation  of  the  crystal  environment  to 
resolve  this  question. 


CONCLUSION 

This  is  the  first  attempt  at  a  detailed  experi¬ 
ment  electron  density  of  an  organic  explosive 
compound.  We  have  obtained  results  from  both 
theoretical  and  experimental  techniques  that 
are  in  reasonable  agreement. 

Nitroguanidine  proved  to  be  a  difficult 
molecule  to  analyze  because  of  the  polar  space 
group.  Unfortunately,  our  experimental  data 
are  not  adequate  to  distinguish  with  any  cer¬ 
tainty  between  the  electron  distributions  of 
theoretical  calculations  with  different  basis  sets. 

Further  calculations  are  being  performed  to 
determine  if  the  difference  between  calculated 
and  observed  geometrical  parameters  is  a  result 
of  crystal  packing  forces. 
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This  paper  describes  the  theoretical  and  experimental  investigations 
carried  out  in  order  to  study  the  structural  modifications  of  the  explosive 
molecule  just  behind  a  shock  front  These  works  led  to  consider  the 
population  of  non  dissociative  electronic  excited  states  as  predominant 
for  the  establishment  of  a  given  decomposition  rate.  The  experiments 
presented  here  show  that  the  velocity  of  decomposition  increases  as 
the  concentration  of  non  dissociative  excited  states  is  artificially  en¬ 
larged  by  an  excimer  laser.  This  effect  is  all  the  more  sensible  as  the 
decomposition  mode  departs  from  detonation. 


INTRODUCTION 

A  twofold  approach,  theoretical  (quantum 
chemistry)  and  experimental  (ultra  fast  Raman 
spectrometry),  of  the  structural  modifications  of 
the  explosive  molecule  right  behind  the  shock 
front  and  before  explosive  decomposition,  has  led 
to  consider  that  the  molecular  population  in  this 
zone  is  the  sum  of  three  populations: 

P  (M°):  population  of  molecules  in  ground  state, 

P  (Mg):  population  of  molecules  in  an  excited 
state  leading  to  molecular  decomposition, 

P  (MgD):  population  of  molecules  in  the  various 
non  dissociative  excited  states. 

It  follows  from  this  result  that  the  first  step 
of  the  initiation  phase  may  be  thought  of  as  the 
existence,  in  certain  locations  of  the  explosive,  of 
zones  in  which,  due  to  the  electronic  modifications 
of  the  molecules: 

—  energy  transfer  properties  among  molecules 
are  strongly  altered.  This  follows  from  the 
existence  of  population  P  (MgD). 

-  simultaneously  some  molecules  are  brought 
to  a  dissociative  state  and  decompose  [P  (Mg)). 


We  have  shown  that  the  molecular  charac¬ 
teristic  parameters  of  this  population  P  (Mg) 
perfectly  correlate  with  the  shock  sensitivity  of 
the  substance.  This  agrees  with  the  fact  that  in 
any  case,  this  type  of  sensitivity  only  reflects  the 
decomposition  of  the  explosive  without  referring 
to  the  nature  of  the  mode:  detonation,  deflagra¬ 
tion,  combustion  . . 

In  order  to  build  up  a  model  representative  of 
this  second  phase  of  the  explosive  phenomenon, 
it  is  necessary  to  bear  one’s  attention  on  the 
population  P  (MgD)  of  the  excited  but  non 
decomposed  molecules.  Indeed,  it  is  within  such 
a  population  that  exchange  and  energy  transfer 
phenomena  may  develop,  thus  leading  to  a 
cooperative  process  of  decomposition.  Quite  ob¬ 
viously  such  a  process  depends  on  the  concentra¬ 
tion  3P  (MgD)/3V  of  these  molecules  and  on 
their  lifetime  in  the  considered  excited  state. 

In  order  to  study  such  a  hypothesis  experimen¬ 
tally,  we  have  realized  a  set-up  which  allows  to 
create  artificially,  by  means  of  a  light  pulse,  a 
population  P  (Mgu)  in  the  shock  front.  The  in¬ 
crease  of  this  population  in  these  conditions  must. 
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if  our  hypothesis  are  correct,  modify  the  decom¬ 
position  parameters  of  the  explosive.  We  analyse 
in  this  paper  the  first  results  obtained  in  the  case 
of  HMX. 

I.  ELECTRONIC  STRUCTURE  AND 
SHOCK  SENSITIVITY 

In  order  to  account  for  the  experimentally 
observed  correlation,  in  the  case  of  nitrated  secon¬ 
dary  explosives,  between  shock  sensitivity  and 
selective  absorption  of  the  incident  energy  by  a 
particular  molecular  bond,  we  have  studied  by 
quantum  chemistry  methods  the  electronic  struc¬ 
ture  of  these  compounds. 

This  study  allowed  us  to  conclude  that  the 
shock  sensitivity  of  an  explosive  may  be  consid¬ 
ered  as  a  molecular  property.  This  proposition  re¬ 
sults  from  a  good  correlation  established  between 
the  electronic  structure  of  the  molecule  and  the 
behavior  under  shock  of  the  concerned  explosive. 

The  validity  of  this  correlation  leads  to  propose 
that  the  same  process  of  variable  intensity 
precedes  the  decomposition  of  any  explosive. 

From  th/s  mechanism,  the  study  of  40 
molecules  belonging  to  the  five  following  families 
of  organic  explosives:  nitroaromatics,  nitramines, 
nitric  esters,  picrylazoles  and  tetrazoles,  has  led 
us  to  state  four  essential  conclusions  (1): 

1.  During  the  initiation  phase,  the  explosive 
molecule  reuches  an  excited  state. 

2.  There  exists  in  each  explosive  molecule  a 
privileged  bond  whose  electronic  structure  deter¬ 
mines  the  shock  sensitivity.  The  nature  of  his 
bond  is  characteristic  of  the  concerned  family.  In 
the  case  of  nitroaromatics,  nitramines  and  nitric 
esters,  it  is  respectively  one  of  the  C-N02,  N-N02 
or  0-N02  bond  of  the  molecule.  In  the  case  of 
picrylazoles,  it  is  one  of  the  C-NQ2  bonds  of  the 
picryl  ring  in  ortho  position  of  the  azole  ring.  In 
the  case  of  tetrazoles,  the  bonds  to  consider  are 
the  nitrogen-nitrogen  bonds  of  the  ring  in  /?  of  the 
carbon. 

3.  The  relative  variation  of  polarity  (d)  of  this 
bond  during  excitation  enables  to  classify  ex¬ 
plosives  in  large  families  differing  greatly  in  their 
sensitivity. 

•  In  the  case  of  nitroaromatics: 

15  %<6<  30% 

•  In  the  case  of  nitramines: 

25%  <  d  <  55% 


•  In  the  case  of  nitric  esters: 

40%  <6  <  50% 

•  In  the  case  of  picrylazoles: 

10%  <6  <  65% 

•  In  the  case  of  tetrazoles: 

75%  <  6  <  95% 

On  the  other  hand,  if  we  note  that,  in  the  case 
of  primary  explosives,  the  first  step  of  the  decom¬ 
position  consists  in  the  extraction  of  one  valence 
electron,  amounting  to  6  =  100%,  it  appears  that 
this  parameter,  characteristic  of  the  tendancy  of 
an  explosive  to  decompose  under  shock,  allows 
a  continuous  ordering  of  explosive  families  from 
the  least  sensitive  secondary  ones  to  the  primary 
ones. 

4.  Within  these  families,  the  minimum  polar¬ 
ity  AC*  of  the  explosophorous  bond  after  exci¬ 
tation  enables  to  classify  explosives  according 
to  the  scale  of  shock  sensitivity  commonly  ad¬ 
mitted  -  Table  1 . 

II.  ELECTRONIC  STRUCTURE  AND 
INITIATION 

The  discovery  of  this  good  correlation  between 
the  shock  sensitivity  of  the  substance  and  the 
molecular  electronic  structure  leads  to  think  that 
the  explosive  decomposition  finds  its  origin  in  a 
rapid  modification  of  the  latter.  In  order  to  relate 
this  modification  to  the  molecular  decomposition 
parameters,  we  have  determined  the  dissociative 
character  of  the  various  electronic  states  of  the 
molecule.  This  determination  has  required  to 
evaluate  by  CNDO-S/CI  method  the  variations 
of  the  electronic  transition  energies  in  terms  of 
length  of  the  various  bonds  in  the  molecule. 
Because  of  the  complexity  of  such  determination, 
our  study  is  limited  to  the  case  of  EDX,  HMX 
and  PETN.  It  allowed  to  conclude  (2): 

a)  The  excited  electronic  state  characterized  by 
a  minimal  R-N02  bond  polarity  is  a  dissociative 
state  for  this  bond,  thus  freeing  N02. 

b)  Excited  electronic  states,  whose  energy  is  less 
than  that  of  these  dissociative  states,  are  non- 
dissociative  states  of  the  molecule. 

This  important  result  leads,  if  we  propose  as 
first  explosive  decomposition  step  the  filling  up 
of  the  excited  electronic  states  in  the  molecule, 
to  consider  the  shock  front  as  the  sum  of  three 
populations: 
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TABLE  1 


Explosive 

Ac* 

Ac* 

Ac* 

■  III  Mil 

Ac*rdx 

Ac*tnb 

Nitroglycerine  (NG) 

0,625 

1,00 

Di nitroglycerine 

0,651 

1,04 

Dinitroglycerine 

0,648 

1,04 

Nitroglycide 

0,659 

1,05 

PETN 

Nicrometriol 

Dimethylolnitroethane 

0,670 

0,691 

0 , 730CO 

1,07 
1,11_ 
1,1 7t0 

dinitrate 

0,753 

1,20 

Nitroglycol 

0,753 

1,20 

RDX 

0,511 

1,00 

HMX  8 

0,602 

1,18 

HMX 

0,727 

1,42 

HMX  a 

0,735 

1,44 

Tetryl 

0,786 

1,54 

Haleite 

0,846 

1,66 

Nitroguanidme 

0,962 

1,88 

Tetramtroam  line 

0,518 

0,85 

TNX 

0,526 

0,86 

Tnnitrophenetole 

0,565 

0,93 

s .  trinitrobenzene 

0,609 

1,00 

m.di nitrobenzene 

0,612 

1,01 

TATB 

0,620 

1,02 

P  (M°):  population  of  molecules  in  ground  state, 

P  (Mg):  population  of  molecules  in  an  excited 
electronic  state  leading  to  molecular  decomposi¬ 
tion.  If  we  distinguish  excited  states  directly  cor¬ 
related  to  shock  sensitivity  scale  (emission  of 
N02  in  the  case  of  nitrated  secondary  explosive 
Mj$02)  and  other  dissociative  states  i: 

P  (Mg)  =  P  (Mg02)  +  IP  (Mgi) 

P  (Mjjji)):  population  of  molecules  in  the  various 
non  dissociative  excited  electronic  states  j: 

P  (MgD)  =  j  P  (M£id)  ) 

Wherefrom 

P(M)  =  P(M°)  +  P(Mg0  )  +  IP(Mg')  +  IPfMgfyi) 

2  i  j 

2)  Experimental  Study  of  the  Structural 
Modification  of  the  Molecule  Behind  the 
Shock  Front. 

In  order  to  confirm  these  hypotheses  ex¬ 
perimentally,  we  have  studied  the  structural 
modifications  of  an  explosive  molecule,  right 
behind  shock  front  and  before  decomposition. 


The  technique  used  to  this  effect  is  the  ultra 
fast  Raman  spectrometry  (3).  Indeed,  this  tech¬ 
nique  is  the  only  experimental  method  providing 
information  about  molecular  structure  in  a  speci¬ 
fied  point  and  within  a  short  enough  time. 

The  principle  of  this  experiment  consists  in 
comparing  Raman  spectrum  sent  out  by  an  ex¬ 
plosive  crystal  with  the  spectrum  given  by  the 
same  zone  of  the  same  crystal  but  immediately 
behind  the  shock  front. 

Explosives  (RDX  and  PETN)  are  studied 
under  the  form  of  single  crystals.  The  shock  is 
generated  by  a  pyrotechnical  device  which 
delivers  a  pressure  at  the  entrance  of  crystal  of 
about  100  kbar.  The  studied  zom  is  located  1 
mm  from  the  face  of  admission,  and  the 
phenomenon  is  observed  during  10  ns  in  a  time 
interval  of  several  tens  of  nanoseconds  after  that 
shock  wave  has  passed  through  the  observed 
area. 

The  first  conclusion  resulting  from  the 
analysis  of  the  results  obtained  is  that  the 
decomposition  of  the  totality  of  molecule  is  not 
immediate  behind  the  shock  front.  Indeed,  we 
observe  (4), (5)  that  during  several  tens  of 
nanoseconds  behind  shock  front,  the  spectrum 
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is  characteristic  of  the  molecule  and  presents  the 
same  lines  as  those  registered  at  rest. 

The  second  conclusion  is  that  all  observations 
agree  with  the  hypothesis  of  existence  behind 
this  front,  and  before  explosive  decomposition, 
of  a  population  of  molecules  for  which  th\  only 
structural  modifications  would  consist  in  a 
reorganization  of  the  electronic  structure.  Indeed 
we  observe  that  the  spectra  obtained  are 
characterized,  by  comparison  with  the  speetnim 
at  rest,  by  very  important  fluctuations  in  inten¬ 
sity  of  most  spectral  bands  (Figure  1)  while  line 
frequencies  are  unchanged  (shift  <  5  cm-1).  In 
these  conditions,  these  fluctuations  can  be  ex¬ 
plained  only  by  modifications  in  the  number  and 
in  the  characteristics  of  the  occupied  excited 
levels  (electronic  and  vibrational).  They  par¬ 
ticularly  depend  on  pressure  and  temperature 
conditions,  and  the  lifetime  of  the  concerned 
levels. 


— i - 1 - ( - *• 

M  1 0  i  74  1  Z  '  6  v  ( cm”  1  ) 


^Inu-nsit/  )JjN 
I’U.  ns 1 t yy~" 

Intensity  }'  . 

Inter,  sx  tyTNC~ 

Fig  1  Study  by  ultra  fast  Human  spectrometiy 
of  structural  modifications  of  RI).\  under  shock. 
Examination  >,  "’''-zticnal  frequencies  <  f  N-N02 
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On  the  other  hand,  it  has  not  been  possible  to 
show  the  existence  during  this  period  of  the 
population  P(Mj$),  e.g.  decomposing  molecules. 

However,  one  may  think  that  reasons  why  no 
spectrum  corresponding  to  N02  or  (M-N02)  has 
been  obtained  are  these: 

—  On  one  hand,  population  P(M^o2>  is  weak 
compared  to  the  total  molecular  population. 

—  On  the  other  hand,  the  species  formed  are 
not  stable  enough  to  be  observed  by  this  method 
(6). 

3)  Electronic  Structure  and  Initiation 

It  follows  from  these  results  that  the  first  step 
of  the  initiation  phase  may  be  looked  at  as  the 
existence,  in  certain  locations  of  the  crystal,  of 
areas  in  which,  due  to  the  electronic  changes  in 
molecules: 

a)  energy  transfer  properties  are  strongly 
altered.  This  follows  from  population  P(Mj{jD), 
As  a  matter  of  fact,  the  energy  transfer  among 
molecules  is  directly  related  to  bond  polarity  (7), 
and  in  excited  electronic  states  this  polarity  is 
quite  different  from  that  of  ground  state. 

b)  simultaneously  some  molecules  are  brought 
in  a  dissociative  state  and  decompose:  PtM^), 
This  population  has  not  yet  been  proven  ex¬ 
perimentally  by  ultra  fast  Raman  spectrometry. 
Let  us  note,  however,  that  the  hypothesis  of  its 
existence  is  not  based  only  on  the  results  of  our 
theoretical  computations.  Indeed,  J.  Sharma  et 
al.  have  shown  by  X-ray  photoelectron  spec¬ 
troscopy,  in  the  case  of  nitrated  explosives 
(RDX,  TATB),  the  preferred  breaking  under 
!  hock  of  one  of  the  R-N02  bonds  of  the 
molecule.  On  the  other  hand,  they  conclude  in 
their  study  (8)  that  the  mechanism  of  the 
molecular  break-up  is  similar  by  photolysis  or  im¬ 
pact;  this  may  indicate  that  during  initiation, 
elect'onic  and  vibrational  excitations  are 
exhangeable. 

Note  at  least  the  molecular  characteristic 
parameters  of  population  PIM^)  correlate  with 
the  shock  sensitivity  of  the  material.  This 
perfectly  agrees  with  the  fact  that,  in  any  case, 
this  type  of  sensitivity  only  reflects  the  decom¬ 
position  of  the  explosive  without  referring  to  the 
nature  of  the  mode:  detonation,  deflagration, 
combustion 

On  the  other  hand,  one  may  suppose  that 
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these  conditions  for  initiation  of  detonation, 
related  to  conditions  to  obtain  a  cooperative 
mode,  depend  on  population  P(MjJtD).  Indeed  the 
mechanism  of  bond  rupture  being  instantaneous, 
we  understand  that  parameters  of  states 
characterized  by  an  important  lifetime  (which  is 
the  case  for  the  first  excited  state,  if  non 
dissociative)  allow  to  satisfy  these  conditions. 

In  other  words,  growth  of  detonation  would 
imply,  in  a  restricted  area,  the  existence  of  zones 
where  the  electronic  structure  of  most  molecules 
is  modified  during  a  sufficiently  long  time  and 
within  which  decomposition  of  the  molecule 
takes  place  simultaneously. 

III.  INFLUENCE  OF  A  SHOCK-LIGHT 
COUPLING  ON  THE  DECOMPOSITION 
MODE 

The  foregoing  propositions  show  that  in  order 
to  build  up  a  model  representative  of  the  detona¬ 
tion  mode,  it  is  necessary  to  bear  one's  attention 
on  the  population  P(Mj!;D)  of  excited  but  non 
decomposed  molecules.  It  is  indeed  within  such 
a  population  that  exchange  and  energy  transfer 
phenomena  may  develop,  thus  leading  to  a 
cooperative  process  of  decomposition.  Quite  ob¬ 
viously  such  a  process  depends  on  the  concen¬ 
tration  dP(Mj{|D)/0V  ef  these  molecules  and  on 
their  lifetime  in  the  considered  excited  state. 

In  order  to  verify  experimentally  this  proposi¬ 
tion,  we  have  considered  to  artificially  create, 
oehind  the  shock  front,  a  population  of  excited 
and  non  decomposed  molecules.  If  the  hypoth¬ 
esis  that  we  have  formulated  are  correct,  this 
modification  of  dPIMi^/SV  should  entail  a 
modification  of  the  decomposition  parameters. 

1)  Experimental  Set-up 

a)  Choice  of  the  studied  explosive. 

This  choice  obeys  two  imperatives: 
possibility  to  create  non  dissociative  electronic 
excited  states  by  light  radiation, 

initiation  threshold  compatible  with  the  use  of 
a  laboratory  priming  system. 

The  explosive  retained  is  HMX.  It  presents  some 
non  dissociative  states  which  may  be  populated 
by  an  excimer  laser  emittr  *  249  am  (which 
corresponds  to  an  energy  ot  about  5  ev/photon). 
Moreover  a  pyrotechnic  device  of  modest  dimen¬ 
sions  is  able  to  generate  the  detonation  of  a 
single  crystal. 


b)  Shock  generation. 

The  device  generating  the  shock  should  allow  to 
modulate  the  energy  transmitted  to  the  HMX 
single  crystal.  The  pyrotechnic  arrangement  is 
adapted  from  “gap  test”  experiments;  the 
various  constitutive  elements  are  given  in  the 
following  diagram  (Figure  2). 


Fig.  2.  Shock  wave  generator 

(l),  (|)  and  (§)  represent  ionization  gauges 
inserted  in  the  pyrotechnic  line  to  verify  the 
chronometry  of  the  shot.  The  shock  front 
geometry  obtained  by  this  priming  system  be¬ 
ing  divergent,  the  active  part  of  the  gauges  are 
placed  on  its  revolution  axis. 

The  pressure  induced  in  the  crystal  as  a  func¬ 
tion  of  the  thickness  of  the  AU  4G  barrier  has 
been  determined  by  DOFPLEIt-laser  in¬ 
terferometry  measurements.  Pressures  at  the  en¬ 
trance  of  the  single  crystal  range  from  80  to  330 
kbar. 

c)  Light  source. 

The  light  source  is  an  excimer  laser.  The  flash 
emitted  at  249  nanometers  (in  the  U.V.  field)  is 
associated  to  the  dissociation  of  Kr  F  molecule, 
and  corresponds  to  1  joule  of  energy  with  a  dura¬ 
tion  of  20  nanoseconds. 

The  rectangular  beam  (35  mm  x  15  mm),  which 
comes  out  the  laser  head,  is  focused  by  a  com¬ 
plex  optical  device.  The  dimensions  of  the  focal 
spot  obtained  are  then:  6  mm  x  6  mm. 

Taking  into  account  absorption  due  to  the 
lenses  and  to  the  path  of  the  beam  in  air.  the 
energy  i  sposited  by  the  laser  pulse  is  300  mJ. 
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In  order  to  make  sure  that  the  laser  has  been 
correctly  operated,  two  types  of  detectors  are 
used: 

—  a  vacuum  photodiode  allows  to  record  on 
an  oscilloscope  the  evolution  of  the  laser  beam 
intensity  as  a  function  of  time, 

—  a  joulemeter  mtasures  the  pulse  energy. 

—  Two  beam  splitters  with  small  reflection 
coefficient  (0,04)  insure  sampling  of  part  of  the 
incident  beam  energy,  and  its  dispatching  be¬ 
tween  the  vacuum  photodiode  and  the  joule- 
meter. 

A  continuous  helium-neon  laser  is  used  to 
carry  out  the  alignment  of  the  whole  optical 
device. 

d)  Shock-light  synchronization. 

The  single  crystal  is  irradiated  at  right  angle 
with  the  direction  of  the  shock  front  propaga¬ 
tion.  The  synchronization  in  the  single  crystal 
and  its  excitation  by  the  laser  has  been  so  de¬ 
fined  that  it  is  not  influenced  by  the  lifetime  of 
the  created  excited  states.  To  this  end,  irradia¬ 
tion  is  turned  on  only  when  the  shock  wave  has 
covered  through  the  crystal  a  distance  of  about 
0,6  mm. 

2)  Results 

In  or^er  to  study  the  influence  of  a  shock-light 
coupling,  we  compared  the  decomposition 
velocity  of  the  explosive,  measured  for  various 
thicknesses  of  the  AU  4G  barrier,  in  the  case  of: 

•  the  shock  alone  (velocity  Vj), 

•  the  shock  coupled  to  the  irradiation  of  the  ex¬ 
plosive  by  the  laser  beam  (velocity  V2). 

Figure  3  shows  the  evolution  and  the  disper¬ 
sion  of  the  decomposition  velocity  measured  for 
these  two  types  of  solicitations  (pure  shock, 
shock  +  light),  for  3  values  of  shock  pressure. 
The  average  values  obtained  from  8  shots  for 
each  pressure  are  summarized  in  Table  2.  The 
lower  value  of  160  kbar  is  dictated  by  the 
answer  of  the  gauges  which  do  not  allow  a  cor¬ 
rect  measurement  for  lower  pressures. 

Examination  of  this  set  of  results  leads  to  the 
following  conclusions: 

1.  For  pressures  of  160  and  210  kbar,  the 
velocity  dispersion  in  the  case  of  shock-light 
coupling  is  quite  clearly  smaller  than  in  the  case 
of  the  shock  alone.  Moreover,  the  V2  values 


Fig.  3.  Decomposition  velocity  of  HMX  single 
crystal  as  a  function  of  the  applied  pressure 


range  among  the  higher  values  of  Vj, 

2.  For  the  pressure  of  290  kbar,  the  two 
previous  effects  are  no  longer  observed  and  the 
dispersion  bars  of  V,  and  V2  coincide. 

3.  The  mean  decomposition  velocity  for  the 
shock-light  coupling  at  160  kbar  equals  the  one 
at  210  kbar  in  the  case  of  the  shock  alone.  In 
other  words,  the  pressure  difference  (50  kbar) 
generated  in  the  crystal  is  compensated  by  the 
laser  effect. 

3)  Comments 

The  first  conclusion  of  these  experiments  is 
that  the  results  relative  to  these  first  series  of 
tests  are  in  agreement  with  the  theoretical 
previsions. 

Indeed,  it  appears  that  the  creation  of  excited 
states  behind  the  shock  front  by  U.V.  radiation 
entails  a  change  in  the  decomposition  velocity 
of  the  HMX  single  crystal.  Moreover,  the  in¬ 
fluence  of  this  shock-light  coupling  is  all  the 
more  so  effective  as  the  decomposition  mode 
departs  from  detonation. 

However,  it  seems  indispensable  to  better 
separate  the  decomposition  velocity  relative  to 
the  two  modes  of  solicitations.  In  other  words, 
the  problem  is  to  increase  the  concentration  in 
excited  species,  relatively  weak  in  these  series 
of  tests,  due  to  the  geometry  of  the  device  (U.V. 
beam  at  right  angle  with  the  direction  of  the 
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TABLE  2 


P  (kbar) 

Decomposition  velocity 
shock  alone 

V1  (mm/ps) 

Decomposition  velocity 
shock  +  light 

V2  (mm/ps) 

Av  =  v  -  v. 

(mm/ps) 

290 

5,92 

5,92 

0 

210 

5,60 

5,73 

0,13 

160 

5,42 

5,61 

0,16 

shock  front  propagation);  indeed  in  these  con¬ 
ditions,  the  absorption  coefficient  of  the  ex¬ 
plosive  limits  the  excitation  to  the  edges  of  the 
crystal.  We  thus  intend  in  a  next  phase  to  create 
excited  states  on  the  face  of  admission  of  the 
shock,  at  the  moment  of  the  shock.  In  these  con¬ 
ditions  the  use  of  flying  pJe(“  priming  system 
is  required. 

At  least,  the  examination  oi  a  counter-ex¬ 
ample  (explosive  not  absorbent  in  this  excita¬ 
tion  range)  is  necessary  to  discriminate  any 
macroscopic  modification  imputable  to  an  other 
effect  of  the  laser  beam  that  molecular  excita¬ 
tion.  The  explosive  chosen  to  that  effect  is 
PETN  |£249  nm=0). 

CONCLUSION 

The  whole  of  the  theoretical  (quantum 
chemistry)  and  experimental  (ultra  fast  Raman 
spectrometry)  studies  that  we  are  carrying 
about  the  initiation  of  the  explosives  at  the 
molecular  level,  had  let  us  to  propose  that  ex¬ 
plosive  decomposition  finds  its  origin  in  a  steep 
modification  of  the  molecular  electronic  struc¬ 
ture.  The  study  of  these  modifications  shows 
the  major  role  played  by  the  electronic  char¬ 
acteristics  of  the  molecular  population  behind 
the  shock  front.  We  can  conclude  in  particular 
that  if  we  take  into  account  these  character¬ 
istics  we  are  able  to: 

1.  determine  the  shock  sensitivity  of  the 
substance.  This  result  is  even  now  used  for  the 
synthesis  of  new  explosive  molecules,  the  sen¬ 
sitivity  of  which  are  determined  a  priori,  by 
computations  and  from  the  structure, 

2.  Analyse  the  conditions  for  the  initiation  of 
the  detonation  mode.  In  order  to  verify  this 
proposition,  we  defined  and  carried  out  an 
original  experiment  allowing  to  artificially 


increase  in  the  shock  front,  by  a  light  pulse,  the 
concentration  in  excited  and  non  decomposed 
molecules.  The  influence  of  this  increase  on  the 
decomposition  parameters  of  the  explosive  has 
been  studied  at  the  level  of  the  decomposition 
velocity.  The  first  results  obtained  do  show  an 
influence  of  the  molecular  population  so  created 
on  that  velocity. 
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DISCUSSION 

JAMES  RITCHIE,  Los  Alamos  National 
Laboratory 

NQ  is  thermally  unstable,  but  shock  stable.  To 
which  region  is  your  correlation  applicable?  How 
far  does  the  laser  penetrate  into  the  crystal? 


REPLY  BY  S.  DUFORT 

Our  correlation  was  established  between  shock 
sensitivity  and  molecular  parameters  associated 
with  electronic  excited  states.  Thermal  stabili¬ 
ty  only  affects  the  vibrational  structure  of  the 
electronic  ground  state.  So,  the  mechanisms  are 
very  different  and  our  model  only  refers  to  the 
electronic  excitation  of  the  molecule. 


The  geometry  of  the  experiment  favours  a 
non-homogeneous  excitation  of  the  crystal.  But, 
the  density  of  energy  deposited  on  the  crystal 
(>0.8  J.cm-2)  is  sufficient  to  ensure  a  penetra¬ 
tion  of  the  laser  beam  larger  than  expectations 
of  Beer’s  law.  Recent  experiments  have  shown 
that  a  weak  quantity  of  energy  was  able  to  cross 
the  whole  crystal.  So,  molecular  excitation  oc¬ 
curs  in  the  whole  volume  of  the  HMX  single 
crystal. 


CALCULATED  REACTION  PATHWAYS  FOR  NITROMETHANE 
AND  THEIR  ROLE  IN  THE  SHOCK  INITIATION  PROCESS 


Richard  D.  Bardo 
White  Oak  Laboratory 
Naval  Surface  Weapons  Center 
Silver  Spring,  Maryland  20910 


A  new  reaction  mechanism  for  nitromethane  is  introduced.  The  reac¬ 
tion  pathways  are  calculated  with  semiempirical  electronic  structure 
methods.  A  minimum  of  10  steps  is  needed  to  obtain  the  known 
detonation  products.  All  steps  are  pressure-accelerated  so  that  they 
have  the  high  rates  necessary  to  satisfy  the  temporal  constraints  im¬ 
posed  by  strong  initiating  shocks.  The  short  reaction  times  and  exo- 
thermicities  of  the  steps  make  them  particularly  well-suited  for  fur¬ 
ther  study  of  the  microscopic  foundation  of  initiation  and  detona¬ 
tion  of  nitromethane. 


I.  INTRODUCTION 

In  the  past,  the  study  of  shock  initiation  and 
detonation  in  condensed  nitromethane  has 
utilized  chemical  reaction  kinetics  which  were 
extracted  from  low  pressure  data  and  from  fit¬ 
tings  of  induction  time  data.  The  serious  prob¬ 
lems  which  arise  when  this  rate  information  is 
applied  to  high  pressure  (P)  and  temperature  (T) 
phenomena  have  been  discussed  previously  (1). 
In  view  of  the  absence  of  empirical  data  from 
which  reactions  corresponding  to  the  initiation 
and  detonation  of  nitromethane  may  be  unam¬ 
biguously  identified,  electronic  structure 
calculations  of  reaction  pathways  were  under¬ 
taken.  In  Section  II  of  this  paper,  a  new  reac¬ 
tion  mechanism  is  introduced  which  involves 
the  simultaneous  breaking  and  formation  of 
bonds.  The  final  products  formed  are  identical 
to  those  determined  by  experiment. 

In  Section  III,  it  is  shown  that  this 
mechanism,  which  excludes  those  reactions 
with  rates  strongly  retarded  at  high  P  and  T, 
is  described  by  sufficiently  fast  Arrhenius 
kinetics  such  that  ignition  can  occur  close  to  the 
shock  front.  It  is  mentioned  that  the  new 
mechanism  may  be  included  as  part  of  a  more 
complete  microscopic  description  of  the  shock 
initiation  of  nitromethane  which  avoids  some 
past  pitfalls  arising  from  the  use  of  unrealistic 
chemical  kinetics.  Thermal  explosion  times  are 


obtained  from  the  new  kinetics,  and  are  shown 
to  be  incompatible  with  observed  induction 
times.  From  there  results,  the  implication  is 
made  that  the  induction  time  may  be  obtained 
from  rate-determining  steps  corresponding  to 
non-chemical  processes. 

II.  CALCULATIONS  OF  REACTION 
PATHWAYS 

A.  Methods  of  Calculation 

The  mechanism  presented  here  pertains  to  the 
evolution  of  the  supermolecule  (CH3N02)2. 
Since  states  at  high  compression  are  being 
studied,  all  results  apply  to  complete  clusters 
of  14  atoms  which  correspond  to  reactants,  in¬ 
termediates,  and  products.  For  example,  the  ac¬ 
tivation  energy  Ea  for  each  step  A+ B~*C*  in¬ 
cludes  the  energy  of  the  activated  complex, 
E(C*),  and  the  potential  energy  of  A  +  B, 
E(A  +  B),  so  that  En=E(C*)-E(A  +  B).  This 
procedure  is  necessary  since  the  repulsive  in¬ 
teraction  energy  of  A-fB  is  not  negligible  at 
high  pressure.  Volumes  and  entropies  of  activa¬ 
tion  as  well  as  reaction  energies,  which 
are  designated  as  Va  =  V(C*)  —  V(A  +  B), 
Sa=S(C*)-S(A+ B),  and  AE  =  E  (products) 
-  E( A  4-  B),  respectively,  are  also  changed  from 
their  ambient  pressure,  gas-phase  values. 
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All  calculations  were  done  with  both  MINDO/3 
and  MNDO  semiempirical  methods  (2)  in  order 
to  ascertain  their  relative  capabilities  for  predic¬ 
ting  new  pathways.  Both  approaches  were  found 
to  give  the  same  types  of  transition  states,  each 
of  which  was  identified  by  a  negative  eigenvalue 
of  the  force  constant  matrix.  While  both  also  gave 
the  same  metastable  intermediates,  products,  and 
signs  for  the  heats  of  reaction,  MINDO/3  gave 
improved  geometries,  activation  energies,  and 
magnitudes  of  the  reaction  energies,  in  accord¬ 
ance  with  past  studies  on  other  nitro  compounds 
(3). 

A  comparison  of  geometries  and  energies  ob¬ 
tained  with  MINDO/3  and  an  ab  initio  self- 
consistent-field  (SCF),  linear-combination-of- 
atomic-orbitals  (LCAO),  molecular  orbital  (MO) 
method  is  currently  underway.  The  results  of  this 
study  thus  far  indicate  that  both  methods  give 
similar  geometries  for  dimers  of  nitromethane, 
but  widely  different  activation  and  reaction 
energies.  Since  MINDO/3  is  already  known  to 
give  much  better  energies  for  nitro  compounds, 
and  since  more  sophisticated  ab  initio  techniques, 
which  would  be  more  accurate  than  the  SCF- 
LCAO-MO  method,  still  remain  more  costly  to 
perform  on  reacting  clusters  of  CH3N02  mole¬ 
cules,  it  appears  that  semiempirical  approaches 
will  continue  to  be  indispensible  for  some  time  to 
come  in  providing  direction  for  investigations  of 
microscopic  processes  at  high  pressure.  A  general 
discussion  of  the  relative  merits  of  MINDO/3  and 
MNDO  in  relation  to  ab  initio  methods  has  been 
made  by  Dewar  (2). 

B.  RESULTS  AND  DISCUSSION 

Since  the  thrust  of  this  paper  is  concerned  with 
the  relevance  of  the  new  mechanism  to  shock  in¬ 
itiation,  the  detailed  geometries  and  nature  of  the 
bonding  for  the  reactants,  activated  complexes, 
metastable  intermediates,  and  products  will  be 
given  elsewhere  (4).  Only  general  structures  are 
given  here.  All  activation  parameters  are  pre¬ 
sented  in  Table  I. 

The  following  mechanism  is  based  on  the  for¬ 
mation  of  a  rearranged  dimer  from  the  head-to- 
tail  reaction  of  CH3N02  monomers.  Wh’le  the 
selection  of  this  first  step  is  intuitively  reasonable, 
its  importance  rests  fundamental!)  on  an  align¬ 
ment  effect  which  occurs  at  high  shock  compres¬ 
sion,  and  which  makes  the  reaction  rate-deter¬ 
mining.  It  will  be  seen  that  tliis  bimolecular 


reaction  is  strongly  pressure-accelerated  at  the 
known  initiation  shock  strengths.  At  these 
pressures,  the  rates  of  all  unimolecular  bond  scis¬ 
sions  are  so  greatly  retarded  that  only  those  reac¬ 
tions  are  considered  which  involve  the 
simultaneous  rupture  and  formation  of  bonds. 

TABLE  I 

Activation  Parameters  and  Energies  for 
Shocked  Nitromethane? 


Reaction^ 

Eac 

yd 

y  a 

sae 

AEC 

1 

47.1 

-14 

-10 

-47.7 

22.5 

-12 

-10 

-47.7 

2 

46 

>-l 

>-l 

-17.9 

3 

37 

>-l 

>~1 

-7.2 

4 

40 

>-l 

>-l 

4-9.7 

5 

39 

>-l 

>-l 

-25.3 

6 

59 

>— 3 

>— 2 

-40 

aInitiating  shock  pressure  is  P=80  kbar  and 
T=850K. 

bFor  Reaction  (1),  first  and  second  sets  of  values 
pertain  to  constrained  linear  head-to-tail  and 
minimum  energy  pathways,  respectively. 

cEnergies  of  activation  and  energies  of  reaction 
given  in  the  kcat/mol. 

d Volume  of  activation  given  in  cnrVmol. 

eEntropy  of  activation  given  in  eu/mol,  where  1 
eu=lcal/K. 


The  first  reaction  step  is 


h3cs  f 

J  no2  h3c 


-Nr  H 


NO, 


1.42  OH 


9*1-50 
C— N< 

1-37 


1.44^C~N02 


(1) 


Calculation  of  the  reaction  pathway  along  the  in- 
termolecular  reaction  coordinate  RCN  between 
adjacent  N02  and  CH3  groups  shows  that  two 
H  atoms  are  transferred  first  from  the  C  atom 
to  the  0  atoms  followed  by  the  formation  of  new 
single  C-0  and  C-N  bonds.  Some  intemuclear 
distances  (in  A)  axe  shown  above  for  the  product, 
(hereafter  referred  to  as  PI).  The  structures  of  the 
CH3  and  N02  groups  in  PI  and  C1I3N02  are 
negligibly  different. 


For  Reaction  (1),  the  activation  energy  Ea= 
22.5  kcal/mol  given  in  Table  I  was  determined 
from  the  MINDO/3  heats  of  formation  —10.5 
kcal/mol  and  11.5  kcal/mol  for  CH3N02  and  the 


transition  state,  respectively,  and  the  interaction 
energy  U=10  kcal/mol  at  the  center-of-mass 
separation  RCM=4.8A.  This  latter  energy  was 
determined  from  previous  calculations  of  the  in¬ 
teraction  potentials  (5),  which  were  used  in  a 
theoretical  determination  of  the  zero-degree 
Kelvin  isotherm  for  shocked  nitromethane  (6).  In 
Ref.  (6),  the  volume  (V)  and  Hugoniot  pressure 
(PH)  corresponding  to  the  above  values  of  U  and 
Rcm  were  estimated  to  be  32  cm3/mol  and  80 
kbar,  respectively.  This  pressure  is  near  the 
known  threshold  value  for  shock  initiation  (7). 

The  larger  value  Ea=47.1  kcal/mol  listed  in 
Table  I  was  calculated  by  constraining  the 
monomers  in  a  linear  head-to-tai!  (LHT)  collision 
with  the  C-N  bonds  on  the  same  axis.  A  com¬ 
parison  of  this  result  with  the  lower  energy 
pathway  shows  the  need  to  eliminate  the  artificial 
constraints  of  low  dimensionality  which  are  often 
imposed  to  simplify  calculations  and  models  of 
shock  initiation. 

For  Reaction  (1),  the  volume  of  activation 
Va=-l2  cm3/mol  given  in  Table  I  was  deter¬ 
mined  from  the  reaction  coordinates  Ron— 2.1  A 
in  the  transition  state,  and  Rcn=3.8A  for  the 
reactants  at  P=80  kbar.  The  expression  for  Va 
used  here  is 

Va=(dRCN/L0)(2V), 

where  dRCN=-1.6A  and  Lq=8.5A  are,  respec¬ 
tively,  the  change  of  C-N  distance  and  the  initial 
“chain  length,”  which  includes  covalent  radii.  A 
small  error  is  introduced  by  assuming  the  con¬ 
stancy  of  the  cross-sectional  area  during  collision. 
The  other  value  Va—  — 14  cm3/mol  in  Table  I  cor¬ 
responds  to  the  LHT  collision  discussed  previous¬ 
ly.  It  is  important  to  note  here  that  Va  is  much 
larger  than  the  value  of  about  —30  cm3/moi  at 
ambient  pressure  for  the  same  bimolecuiar  reac¬ 
tion.  High  pressure  experiments  have  also  shown 
Va  to  increase  significantly  with  increasing  P  (8). 

The  entropy  of  activation  Sa  is  a  very  sensitive 
function  of  the  temperature  and,  as  a  result,  is 
more  difficult  to  evaluate  than  Va  or  Ea  The 
value  of  Sa=  — 10  eu/mol  (1  eu=l  cal/K)  listed  in 
Table  I  for  Reaction  (1)  is  obtained  in  the  way 
described  in  the  Appendix.  It  is  important  to  note 
that  Sa  tor  Reaction  (!)  at  high  pressure  is  much 
larger  than  the  usual  values  for  bimolecuiar  reac¬ 
tions  at  much  lower  pressures.  In  the  gas  and  liq¬ 
uid  phases,  the  compression  causes  a  significant 
loss  of  rotational  and  translational  entropy  of  the 


monomers.  In  the  solid  phase,  there  is  a  loss  of 
translational  and  librational  entropy.  Hamann  (9) 
has  discussed  the  effects  of  hydrostatic  pressure 
on  dimerization  reactions.  As  shown  in  the  Ap¬ 
pendix,  these  effects  are  also  incorport  ,ed  into 
the  values  of  Sa  in  Table  I  by  using  known  shock 
compression  data  (10). 

The  reaction  energy  AE=— 47.7  kcal/mol  given 
in  Table  I  was  obtained  from  the  calculated  heats 
of  formation  —58.7  kcal/mol  and  —10.5  kcal/mol 
for  Pi  and  CH3N02,  respectively,  as  well  as  the 
interaction  energy  of  the  monomers  given 
previously.  The  exothermicity  of  Reaction  (1) 
makes  it  an  important  source  of  energy  for 
subsequent  reaction.  New  reactions  which  may 
utilize  this  energy  are  now  introduced. 


A  possible  next  step  is  the  transformation  of 

PI, 

122°  OH 

Js^e-r-c 

PI »  H-sC — H  \ 

H6  1.38  1/31  1. 19  (2) 


-0— — fj- 


This  reaction  proceeds  by  the  increase  of  the 
N02  bond  angle  so  that  the  O  atom  forms  a  new 
bond  with  C.  This  rearrangement  is  also  known 
to  lead  to  other  nitrite  compounds.  In  fact, 
Ea=46  kcal/mol  in  Table  I  is  close  to  the  value 
calculated  for  the  formation  of  methyl  nitrite 
(11).  Values  for  Va  and  Sa  are  slightly  negative, 
as  indicated  in  Table  I.  Reaction  (2)  is  exother¬ 
mic  with  AE  =  -17.9  kcal/mol.  The  changed 
bondlengths  in  the  new  product  (hereafter  refer¬ 
red  to  as  P2)  are  shown  above. 

1 1  should  be  mentioned  at  this  point  that  the 
formation  of  methyl  nitrite  may  compete  with 
Reaction  (1)  or  actually  precede  it.  It  is  readily 
shown,  however,  that  its  rate  of  production  at 
high  P  is  slower  than  that  for  Reaction  (1),  since 
|  Va  j  is  much  smaller  (see  Eq.  (11)  in  the  se¬ 
quel).  Reaction  (1)  will  dominate  when  the  two 
reactions  are  considered  in  parallel. 

Another  step,  which  may  occur  simultaneous¬ 
ly  with  Reaction  (2),  involves  the  bending  of  the 
O-C-H  bond  angle  to  form  a  new  O-H  bond  with 
the  ejection  of  H20,  as  well  as  formation  of  a 
new  intermediate  (hereafter  referred  to  as  P3), 


r  .««!*«! 


(3) 


This  is  the  lowest  energy  pathway  with  Ea=37 
kcal/mol.  Again,  as  for  Reaction  (2),  Va  and  Sa 
are  slightly  negative. 

Reaction  (4),  which  yields  another  new  in¬ 
termediate  (hereafter  referred  to  as  P4)  and 
CH4,  is 

1.21  1.19 

P3  — >o - N’  -N - 0  +  CHjj  . 

s^'C - 

1.20  1.28  1.38  (i)) 

This  reaction  actually  consists  of  several  steps, 
itself.  The  first  one  involves  formation  of 
CHgOH  from  the  bending  of  the  C-N-0  bond 
angle,  where  H  remains  bonded  to  0.  The  values 
for  £a,  Va,  and  Sa  listed  in  Table  I  pertain  to 
this  process.  The  precise  pathways  for  the  re¬ 
maining  steps  are  somewhat  uncertain  at  this 
time.  However,  preliminary  calculations  do  in¬ 
dicate  that  reaction  between  CH3OH  and 
NCONO  can  occur  to  form  P4  and  CH4. 
Overall,  Reaction  (4)  is  slightly  endothermic  at 
9.7  kcal/mol.  The  complete  set  of  reactions  will 
be  made  available  elsewhere  (4). 

The  next  reaction  leads  to  CO  and  the  dimer 
intermediate  trans-ONNO, 

1.20  0  1.12 
pa-*  - N<  +  C - 0 

C>  \  A 

>-35  ,-3‘  (5) 

Here,  the  lowest  energy  pathway  requires  the 
bending  of  N-C-0  and  C-O-N  bond  angles  in  P4. 
A  four-centered  transition  state  involving  two 
N  atoms,  and  C  and  0  is  formed,  corresponding 
to  an  activation  energy  of  ba= 37  kcal/mol  and 
the  slightly  negative  values  of  Va  and  Sa  in¬ 
dicated  in  Table  I.  It  is  interesting  to  note  that 
the  bond  lengths  of  N202  of  Reaction  (5)  are 
closer  to  those  of  the  cyclic  dimer  1 1  described 
in  Ref.  (12)  than  to  those  of  the  known  cis- 
ONNO  dimer  existing  in  the  liquid  state  at  low 
pressure. 

The  next  reaction  likely  involves  the 
transformation 

N202  -i'N2+02,  (6) 

which  was  discussed  previously  in  connection 
with  possible  reaction  pathways  for  initiating 
and  detonating  nitric  oxide  (12;.  In  that  work, 
it  was  suggested  that  a  two-step  mechanism  oc¬ 
curs  with  the  generation  of  an  intermediate 


dimer  (denoted  as  dimer  II)  followed  by  a  radia¬ 
tionless  transition  to  form  N2  and  02.  In  the 
first  step,  an  activation  energy  Ea=  59  kcal/mol 
was  calculated.  With  the  UMINDO/3  method, 
Ritchie  (13)  estimated  Ea=22.1  kcal/mol  for  the 
second  step.  Since  the  first  step  is  rate-deter¬ 
mining  for  Reaction  (6),  its  activation  energy  is 
given  in  Table  I.  At  high  pressure,  the  heat  of 
reaction  may  be  nearly  —40  kcal/mol. 

Reactions  (l)-(6)  may  be  summarized  as 
2  CH3N02^H20+C0-bN2+02+CH4. 

Here,  only  02  is  not  one  of  the  products  of 
detonation  which  have  been  determined  by 
Ornellas  (14)  to  be  H20,  CO,  N2,  H2,  C02,  NH3, 
C(s),  and  CH4.  It  is  possible  to  eliminate  02  and 
generate  the  rest  of  the  products  by  augment¬ 
ing  Reactions  P.)-(6)  with  the  well-known 
reactions, 


h2o+co-+h2+co2, 

(7) 

CH4^C(s)+2H2, 

(8) 

2H2+02— 2H20 

(9) 

3H2+N2-*2NH3. 

(10) 

Activation  parameters  for  these  processes  were 
not  calculated,  and  so  are  not  included  in  Table  I. 

While  the  reversibility  of  Reactions  (1)-(10) 
must  be  considered  at  high  P  and  T,  this 
mechanism  is  still  much  shorter  than  the  set  of 
more  than  60  steps  proposed  for  detonations  on 
the  basis  of  experiments  performed  at  much 
lower  pressure  in  shock  tubes,  where  the  rate¬ 
determining  step  is  taken  to  be  the  breaking  of 
the  C-N  bond  (15).  On  the  basis  of  diffusion  rates 
which  may  be  estimated  at  high  pressure,  it  is 
doubtful  that  such  large  mechanisms  could  be 
completed  within  the  short  reaction  zones  of 
detonating  condensed  nitromethane  where 
t(rxn)  can  be  as  small  as  10-n  sec.  Since  the 
new  mechanism  leads  directly  to  the  known 
detonation  products  in  a  relatively  small  num¬ 
ber  of  steps,  a  framework  based  on  chemical 
kinetics  is  established  which  permits  a  fun¬ 
damental  analysis  of  the  known  initiation 
schemes  for  nitromethane.  1 1  is  now  shown  how 
the  new  kinetics  may  be  applied  to  initiation. 

III.  APPLICATION  TO  INITIATION 

In  order  to  correctly  describe  initiating  and  de¬ 
tonating  nitromethane,  the  appropriate  reaction 


pathways  must  be  chosen  on  the  basis  of  spatial 
and  temporal  constraints  imposed  on  the 
system  by  the  shock.  In  contrast  to  reactions 
occurring  at  high  temperatures  in  gas,  liquid, 
and  solid  phases  at  ambient  pressure,  high  com¬ 
pression  greatly  accelerates  some  reactions  and 
greatly  reduces  the  probability  of  others.  In  this 
connection,  two  types  of  spatial  constraints 
which  strongly  influence  the  kinds  of  reactions 
which  can  occur  are:  (1)  the  quenching  of 
molecular  rotation  which  increases  the  chance 
of  reaction  between  appropriately  aligned 
molecules,  and  (2)  the  inhibition  of  molecular  ex¬ 
pansion  such  as  unimolecular  bond  scission.  The 
temporal  constraints  depend  on  the  shape  of  the 
initiating  shock  pulse  and  length  of  the  reaction 
zone. 

Pertinent  pressures  and  duration  times  for 
nitromethane  are  known  to  be  P>60  kbar  and 
t<10-5  sec.  Here,  t  may  be  the  induction  time 
t(ind)  or  the  time  available  for  reaction  t(rxn) 
within  the  reaction  zone.  Experiment  has 
shown,  for  example,  that  at  the  sustained 
pressure  P=75.3  kbar,  t(ind)=2X10-6  sec  (16). 
From  an  estimate  of  the  reaction  zone  length 
of  1000 A  (17),  which  appears  to  be  the  smallest 
value  estimated  so  far  for  nitromethane,  and 
from  the  approximate  detonation  velocity  of 
7000  m/sec,  it  is  found  that  t(rxn)-10~u  sec. 

The  rates  of  Reactions  (l)-(6)  at  known  shock 
initiation  pressures  and  temperatures  are  ob¬ 
tained  by  substituting  the  activation  param¬ 
eters  of  Table  I  into  the  following  expression  for 
the  rate  coefficient  (18), 

c  pv  R 

In  k“ln  v+  ~s  -  —la.  -  —M.  .  (11) 

It  RT  RT 

In  Eq.  (11),  v=RT/Nh,  where  R  is  the  gas  cons¬ 
tant  and  N  is  the  Avogadro  number.  The  third 
term  in  Eq.  (1 1)  is  the  very  important  pressure 
contribution  to  the  rate,  which  is  accelerated 
when  Va<0  and  decelerated  when  Va>0.  At  a 
sustained  pressure  P=80  kbar  and  the 
calculated  temperature  T=850  K  (10),  the  rate 
coefficient  of  Reaction  ( 1 )  is  k = 1 . 1 X 1 06  sec  ~  1 
when  Ea=47.1  kcal/mol.  The  corresponding 
reaction  half-life  is  t(v2)=k~1=9.1X10“7  sec 
for  1  mole  of  nitromethane.  For  the  minimum 
value  of  Ea=22.5  kcal/mol  corresponding  to  the 
minimum  energy  pathway  k  =  2X!0u  and 
t( 1 2 ) = 5 X 10“ 12  sec  at  the  P  and  T  given  above. 

Reaction  ( 1 )  easily  satisfies  the  constraint 


that  t(‘/2)<t(ind),  where  the  induction  time  t(ind) 
is  known  to  be  about  1.4X10-6  sec  at  P=7.94 
GPa  (16).  However,  this  is  not  the  case  for  Reac¬ 
tions  (2)— (6)  at  P=S0  kbar  and  T=850  K,  since 
the  shortest  half-life  is  10-4  sec.  Thus,  if  these 
reactions  are  to  occur  during  initiation,  the  local 
T  must  be  higher,  T>1200  K.  By  Le  Chatelier’s 
principle,  higher  T  will  also  tend  to  increasing¬ 
ly  favor  the  reverse  of  those  reactions  which  are 
exothermic. 

Much  higher  local  temperatures  will  arise  as 
a  consequence  of  the  exothermicity  of  Reaction 
(1).  However,  Reaction  (1)  does  not  release 
energy  which  is  immediately  made  available  for 
other  reactions.  Instead,  other  processes,  such 
as,  for  example,  vibrational-to-translational 
energy  transfer,  may  dominate  before  signifi¬ 
cant  further  reaction  occurs.  In  this  sense,  then, 
Reaction  (1)  behaves  like  a  slow  step. 

The  Arrhenius  activation  energy  Ea(Arr)  and 
pre-exponential  factor  for  Reaction  (1)  are  deter¬ 
mined  from  the  data  of  Table  I.  From  Ref.  (1), 

dP 

Ea(Arr)=E;+  Va(P-T~),  (12) 

where  Ea=E'a-RT  and  Va  are  the  fundamen¬ 
tal  parameters  given  in  Table  I.  From  k=A 
exp{— Ea(Arr)/RT)  and  Eqs.  Ill)  and  (12),  the 
natural  logarithm  of  A  is 

In  A=l  +  ln  v+Jk -(T™,Z«  .  (13) 

R  dT  RT 

At  P=80  kbar  and  T=850  K,  T(dP/dT)=85 
kbar,  where  dP/dT  is  approximately  100  atm/K. 
Then,  Ea(Arr)=29.3  kcal/mol  and  A=5.5X1018 
sec~ 1  for  Ea=  22.5  kcal/mol  in  Table  I.  Also  Ea 
(Arr)=54.7  kcal/mol  and  A=2.8xl020  sec  -1  for 
Ea=47.1  kcal/mol.  Since  dP/dT,  Ea,  and  Sa  are 
relatively  insensitive  functions  of  P  and  T  over 
the  range  8(KP<90  kbar,  Ea(Arr)  and  A  will  dif¬ 
fer  little  from  the  above  values. 

These  very  large  values  of  A  are  essentially 
due  to  the  large  contribution  of  the  last  term 
in  Eq.  (13).  As  indicated  previously  (1),  the 
magnitudes  of  such  terms  which  include  Va  are 
negligible  at  ambient  pressure.  In  the  past,  the 
supposition  has  often  been  made  that  the  initia¬ 
tion  reaction  is  unimolecular,  and  involves  the 
breaking  of  the  C-N  bond.  However,  as  men¬ 
tioned  earlier,  very  high  compression  retards  an 
expansion  of  the  molecule  during  bond-scission. 
Indeed,  at  P=80  kbar  and  T=850K,  for  exam¬ 
ple,  the  ratio  r=k  (Reaction  !)/k(unimolec)  lies 


in  the  range  107  <  r  <  1011,  when  the  activation 
parameters  of  Table  I  and  the  typical  bond- 
scission  values  Sa=3  eu/mol,  Va=3  cm3/mol, 
and  Ea=54  kcal/mol  are  used.  For  the  same  P 
and  T,  the  half-life  for  bond-scission  is  25  sec, 
which  is  much  too  long  to  satisfy  the  known  tem¬ 
poral  constraints  given  previously.  Even  if  it  is 
assumed  that  a  much  higher  local  T  exists,  such 
as,  for  example,  T=2000K,  r  is  still  large  at 
P=80kbar.  Thus,  Reaction  (1)  will  be  dominant, 
over  the  simple  bond-scission  process  in  the  ig¬ 
nition  of  nitromethane. 

When  the  large  Arrhenius  factors  A  given 
above  are  used  to  calculate  thermal  explosion 
times,  the  resulting  values  are  seen  to  be  much 
smaller  than  those  determined  in  the  past  from 
assumed  kinetics  which  have  no  pressure 
dependence.  Here,  the  explosion  time  t(exp)  is  ob¬ 
tained  from  the  expression  derived  in  Ref.  (19), 

In  t(6Xp)  -In  -A*1 _ —in  ir 


QEa(Arr) 


From  the  heat  capacity  cv=0.46  cal/g-K,  the 
heat  of  reaction  Q=782  cal/g,  T=850X, 
Eu(Arr)=54.7  kcal/mol,  and  A=2.8X1020  sec-1, 
it  is  found  that  t(exp)=5.2X10~9  sec.  Camp¬ 
bell,  et  al.  (20)  obtained  a  larger  value  t(exp) 
=6X10-7  sec  atT=1140K  by  assuming  typical 
Arrhenius  parameters  of  A=1014-6  and  Ea=53.6 
kcal/mol.  While  this  value  of  t(exp)  appears  to 
be  a  better  approximation  of  t(ind),  the  ratio  r 
given  above  is  still  very  large,  making  Reaction 
(1)  the  better  choice. 

The  fact  that  t.(exp)  for  Reaction  (1)  is  so  small 
compared  to  the  experimental  induction  time 
t(ind)£l0~6  sec  at  P-=80  kbar  suggests  that,  in 
contrast  to  previous  interpretations  of  initiation, 
it  may  not  be  possible  to  invoke  simple  thermal 
explosion  theory  alone.  Utilization  of  this  theory 
has  led  to  the  thermal  ignition  theory  (20). 
Hardesty's  experimental  inductive  time  data  for 
liquid  nitromethane  appear  to  have  provided  ad¬ 
ditional  support  for  this  model  by  indicating  that 
thermal  explosion  occurs  far  behind  the  shock 
front  and  near  the  driver-plate/nitromethane  in¬ 
terface  where  the  explosive  has  had  the  longest 
time  to  react  (16).  From  his  induction  time  data, 
he  used  Eq.  (14)  to  obtain  Ea(Arr)=23  kcal/mol 
and  A=2.6X109  sec-1  for  75<P<92  kbar  and 
934<T<1087  K.  These  pi  "meters  are  seen  to  be 
much  smaller  than  those  calculated  previously 
for  Reaction  |1). 


In  view  of  these  results,  Reaction  (1)  appears 
to  be  more  appropriate  for  an  analysis  of  initia¬ 
tion  in  terms  of  another  model,  which  has 
evolved  from  the  observations  of  Walker  and 
Wasley  (21),  and  which  as  the  central  feature 
that  initiation  occurs  close  to  the  shock  front 
after  a  delay  time.  After  consideration  of 
chemical  reaction  times,  they  suggested  that 
high,  transient,  nonequilibrium  temperatures 
would  have  to  exist  at  sufficiently  high  P  in 
order  to  achieve  runaway  reaction  soon  after 
shock  wave  growth  and  acceleration. 

In  this  model,  the  need  for  high,  nonequilib¬ 
rium  temperatures  and,  therefore,  non-Arrhenius 
kinetics  is  avoided  if  Reaction  (1)  is  utilized.  It 
was  shown  earlier  that  tf/2)  is  as  small  as 
5X10-12  sec  along  the  minimum  energy 
pathway  at  P=80  kbar  and  T=850K.  Thus, 
Reaction  (1)  could  occur  during  the  short  times 
available  in  a  non-square  wave  profile  corres¬ 
ponding  to  rapidly  decreasing  pressure  and 
temperature  behind  the  shock  front. 

Nunziato,  et  al.  (22)  have  examined  the  results 
of  the  experiments  leading  to  the  two  models, 
and  have  suggested  that  the  differences  are  due 
to  the  use  of  a  square  pressure  pulse  or  sup¬ 
ported  wave  by  Campbell,  et  al.  (20)  and  Hardes¬ 
ty  (16),  and  a  "triangular”  pressure  pulse  or  un¬ 
supported  wave  by  Walker  and  Wasley  (21). 
Here,  then,  it  is  reasonable  to  expect  that  the 
same  kinetics  would  apply  to  both  types  of 
phenomena.  If,  for  example,  Reaction  (1)  is  to  be 
employed  in  both  cases,  it  would  be  necessary 
to  modify  or  give  up  altogether  the  thermal  ex¬ 
plosion  interpretation  based  on  Eq.  (14).  A 
broader  picture  which  includes  additional 
microscopic  processes  would,  then,  have  to  be 
considered.  Substantial  support  for  such  an 
alternative  approach  is  given  in  Ref.  (23),  where 
the  transfer  of  energy  into  the  molecules  prior 
to  Reaction  (1)  is  shown  to  be  the  slow  step.  Con¬ 
firmation  is  given  there  of  earlier  calculations 
which  indicate  that  the  time  for  energy  transfer 
from  acoustic  to  molecular  modes  is  of  the  order 
of  the  induction  time  t(ind)  (24). 

It  should  be  mentioned  that,  when  energy 
relaxation  processes  are  sufficiently  slow  so  that 
nonequilibrium  temperatures  exist,  the  use  of 
Eqs.  (1 1)-(14)  for  calculation  of  very  short  reac¬ 
tion  times  must  be  exercised  with  care.  Herein 
lies  an  essential  reason  for  utilizing  quantum 
mechanical  methods  to  describe  the  relative 
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rates  of  energy  transfer  steps  and  chemical  reac¬ 
tions  when  the  latter  become  as  rapid  as  Reac¬ 
tion  (1)  (23). 

Currently,  these  results  are  serving  as  input 
into  research  now  underway  in  this  laboratory 
where  the  very  fast  Reaction  (1)  is  being  treated 
as  a  kind  of  microscopic  “hot  spot."  It  now  ap¬ 
pears  that  a  critical  distribution  of  these  “hot 
spots”  permits  the  creation  of  a  kind  of  struc¬ 
ture  similar  to  that  described  in  connection  with 
Mach  stem  theory. 

IV.  CONCLUSIONS 

A  new  reaction  mechanism  for  nitromethane 
was  introduced.  All  of  the  calculated  steps  are 
pressure  accelerated  since  they  have  negative 
volumes  of  activation.  As  a  consequence,  the 
reactions  have  sufficiently  high  rates  which 
satisfy  the  temporal  constraints  imposed  at  the 
threshold  shock  pressures  and  temperatures  for 
initiation.  The  total  mechanism,  which  leads  to 
the  known  detonation  products,  is  much  shorter 
than  those  proposed  in  the  past.  The  mechanism 
is,  therefore,  well-suited  to  studies  of  very  short 
reaction  zones.  Six  reactions  are  found  to  be  ex¬ 
othermic,  so  that  they  are  important  sources  of 
energy  for  detonation. 

The  first  step,  which  is  a  bimolecular  reaction, 
was  shown  to  exothermically  form  a  stable  dimer 
intermediate.  This  reaction,  the  rate  of  which  is 
enhanced  as  a  result  of  spatial  constraints  in 
shocks,  may  play  an  especially  important  role  in 
initiation  caused  by  both  supported  and  unsup¬ 
ported  pressure  pulses.  This  reaction  was  used 
in  a  brief,  comparative  study  of  the  two  best- 
known  initiation  models  for  nitromethane  to 
show  that  thermal  exolosion  times  are  much 
shorter  than  those  calculated  in  the  past.  On  the 
basis  of  these  results,  the  suggestion  was  made 
that  energy  transfer  processes  may  be  more  im¬ 
portant  than  previously  realized. 

APPENDIX 

For  Reaction  (1),  an  ab  initio  calculation  of  the 
entropy  of  activation  Sa  at  high  pressure  re¬ 
quires  the  intramolecular  and  intermolecular 
vibrational  and  librationai  frequencies  of  the 
monomers  and  activated  complex.  Although 
these  frequencies  are  known  for  gaseous  and 
crystalline  nitromethane  at  ambient  pressure, 
they  are  unknown  at  shock  initiation  pressures. 


A  semiempirical  estimation  of  Sa  may  be  made, 
however,  by  utilizing  values  of  the  total  entropy 
&P  obtained  by  Hardesty  and  Lysne  (10)  for 
shocked,  unreacted  nitromethane. 

Estimates  of  the  intermolecular  contribution 
Sj  for  the  monomers  may  be  obtained  by  mak¬ 
ing  the  reasonable  assumption  that,  with  the  ex¬ 
ception  of  the  torsional  motion  of  the  CH3 
group,  the  variation  of  frequency  with  compres¬ 
sion  is  much  smaller  for  intramolecular  vibra¬ 
tions  than  for  intermolecular  modes.  Here,  then, 
the  frequencies  for  gas  phase  nitromethane  (25) 
may  be  substituted  into  the  well-known  har¬ 
monic  oscillator  expression  (26)  for  the  intra¬ 
molecular  vibrational  contribution  Sv  to  the  en¬ 
tropy.  At  T=850K,  Sv  ^  3  eu/mol.  At  P=80 
kbar  and  T=  850  K,  S-p  =  15  eu/mol  so  that  S; 
=  S-p  —  Sv  £  12  eu/mol.  This  latter  value  in¬ 
cludes  the  largest  contribution  from  transla¬ 
tional  motion  as  well  as  a  smaller  effect  from 
librationai  motion,  but  excludes  gross  monomer 
rotations,  which  are  quenched  at  high  pressure. 
This  value  of  Sj  is  also  taken  to  include  the  tor¬ 
sion,  which  is  expected  to  be  strongly  affected 
by  pressure. 

The  entropy  S-f  of  the  activated  complex  also 
consists  of  intermolecular  S*  and  intramolecular 
S*  components.  Values  for  Sf  may  be  estimated 
by  assuming  that  its  largest  contribution  is  due 
to  “translational"  motion.  Since  the  molecular 
mass  M  will  enter  the  “translational”  entropy 
as  approximately  (3/2)R  In  M,  S’— S,  s  2  so 
that  S*  z  14  eu/mol  at  P=80  kbar  and  T=850K. 
The  component  S*  may  also  be  obtained  from 
Sv  for  the  monomer.  Since  the  ratio  of  the 
number  of  real  normal  modes  in  the  activated 
complex  to  that  of  the  monomer  is  about  2.3,  and 
S*  and  Sv  are  sums  over  modes  (26),  S*  s  2SV=6 
eu/mol  at  P=80  kbar  and  T=850K.  Thus,  in  first 
approximation.  S-p  s  20  eu/mol. 

From  these  results,  Sa  =?  S^  — 2S-p=  — 10 
eu/mol  at  P=80  kbar  and  T=850K.  This  value 
is  a  reasonable  lower  bound  so  that,  for  Pesction 
(1),  -10<SU<0  eu/mol  at  this  P  and  T.  This 
estimate  may  be  compared  with  the  empirical 
results  given  by  Harnann  (9),  who  shows  that  Sa 
increases  from  —31  eu/mol  to  — 18  eu/mol  in  the 
range  1<P<4000  atm  for  the  dimerization  of 
cyclopentadiene  at  T=293  K.  It  is  expected  that 
Sa  for  this  reaction  will  increase  further  with  P. 
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DISCUSSION 

JAMES  RITCHIE,  Los  Alamos  National 
Laboratory 

Might  not  trimolecular,  tetramolecular,  pen- 
tamolecular  reactions,  etc.,  be  possible?  Not  on¬ 
ly  for  the  first  reaction,  but  for  subsequent  reac¬ 
tions?  How  does  one  know  when  to  stop? 


REPLY  BY  RICHARD  BARDO 

On  a  statistical  basis,  reactions  of  moleculari- 
ty  m>2  are  always  possible,  as  is  the  pressure- 
retarded  unimolecular  bond-scission  process 
(m=l).  At  any  pressure,  a  reactive  collision  be¬ 
tween,  say,  three  molecules  will  take  place  much 
less  frequently  than  a  reaction  with  m=2.  This 
fact  is  conveniently  expressed  through  the  en¬ 
tropy  of  activation  Sa  in  the  absolute  reaction 
rate  theory,  where  the  rate  coefficient  k  is  ex¬ 
pressed  as  In  k=ln  (kBT/h)+Sa/R-PVa/RT 
— Ea/RT.  Here,  Sa<0  for  all  m,  and  decreases 
with  increasing  m.  This  rule  applies  at  elevated 
pressures  and  temperatures.  On  this  basis  alone, 
the  bimolecular  reaction  is  the  most  probable  or 
rate-determining  one.  For  the  trimolecular  reac¬ 
tion  (m  =  3),  Va  ^  —12  cm3/mol  and  the 
calculated  value  of  Ea  is  28.8  kcal/mol  at  P=80 
kbar,  so  that  k  for  m=3  is  smaller.  Since  Sa  in¬ 
creases  with  P  for  all  m,  the  rates  of  the  higher 
order  reactions  increase  and  compete  more  effec¬ 
tively  with  the  bimolecular  reaction,  thereby  in¬ 
creasing  the  yield  of  higher  polymers.  Once  Sa, 
Va,  and  Ea  are  known  for  the  various  reactions, 
the  reaction  half-lives  tm(  V*)  may  be  calculated 
from  the  rate  coefficients  km.  The  maximum 
value  of  m  for  shock  initiation  and  detonation 
is  then  determined  from  the  requirement  that 
tm(?4)<  10“ 6  sec.  It  should  be  emphasized  that 
not  only  is  the  bimolecular  reaction  a  sufficiently 
fast  initial  reaction,  it  is  also  exothermic  and,  as 
such,  is  an  important  source  of  energy  for  initia¬ 
tion.  It  is  in  this  context  that  the  terminology 
of  microscopic  "hot  spot”  is  used  in  the  paper. 
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Over  the  past  ten  years  we  have  made  many  computer  studies  of 
shock  propagation  in  condensed  media .  These  studies  employed  the 
techniques  of  computer  molecular  dynamics  (CMD),  based  on  com¬ 
puter  solutions  of  the  classical  equations  of  motion  for  the  individ¬ 
ual  atoms  in  the  condensed  media.  Recently,  we  have  begun  to  re¬ 
evaluate  the  information  obtained  in  order  to  achieve  a  flexible  com¬ 
promise  between  "brute  force”  averaging  and  continual  monitoring 
of  the  detailed  motion  of  the  individual  atoms.  The  method  we  have 
chosen  is  Fourier  analysis  in  the  temporal  domain  of  the  motions  of 
groups  of  atoms  which  can  be  preselected. 

Here,  we  present  an  analysis  of  our  early  canonical  studies  and  of 
new  data  on  disordered  systems.  The  present  work  also  utilizes  our 
current  codes  which  contain  “ neighborhood  look-up” procedures  de¬ 
signed  to  examine  the  system  at  regular  intervals  and  to  determine 
which  bonds  should  be  retained,  removed,  or  added  as  the  system 
rearranges  under  shock  loading. 


INTRODUCTION 

It  is  now  well-established  that  computer  mo¬ 
lecular  dynamics  (CMD)  can  provide  a  unique 
insight  into  the  behavior  of  shocked  systems 
which,  at  p~  ssent,  is  inaccessible  to  direct  ex¬ 
perimental  investigation  (1, 2).  The  basic  reason 
is  that  CMD  studies  show  that  shock  fronts  are 
characterized  by  violent  local  structure  at  the 
atomic  and  molecular  levels,  which  varies  dras¬ 
tically  over  time  scales  of  picosecond  to  femto¬ 
second  duration.  Since  present  experimental 
studies  typically  examine  a  system  over  nano¬ 
second  or  -'eater  time  intervals  and  in  micro¬ 
meter  dimet  iions,  it  follows  that  they  will  mon¬ 
itor  spatial  and  temporal  average  behavior 
rather  than  the  true  local  behavior.  While  it  is 
true  that  experiments  have  been  done  with  con¬ 
siderably  shorter  scales  of  time  or  distance, 
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none  has  yet  been  done  where  both  scales  have 
been  shortened  simultaneously.  However,  re¬ 
cent  studies  on  shocks  in  water  (3)  represent  ma¬ 
jor  steps  towards  this  goal. 

Since  presenting  our  first  work  (1)  on  CMD  at 
the  Sixth  International  Colloquium  on  Gas- 
dynamics  of  Explosions  and  Reactive  Systems, 
we  have  carried  out  many  studies  with  the  aim 
of  achieving  an  increasingly  accurate  description 
of  reality  (2,  4).  Most  recently  we  have  concen¬ 
trated  on  developing  techniques  for  post¬ 
processing  of  the  ra./  CMD  data,  with  the  prin¬ 
cipal  aim  of  achieving  some  optimum  capability, 
which  will  combine  reasonable  compactness  with 
the  retention  of  the  maximum  amount  of  infor¬ 
mation  about  the  CMD  history  of  each  shock 
study.  From  the  outset  we  have  stressed  the  im¬ 
portance  of  avoiding  the  wholesale  destruction  of 
information  (obtained  at  a  non-trivial  expense  in 
computer  time)  that  is  inherent  in  the  formation 
of  broad  averages  over  many  atoms  and/or  long 
time  intervals.  Moreover,  this  destruction  is  no 
longer  necessary  with  contemporary  computer 
facilities;  since  it  is  now  possible  to  carry  out  a 
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virtually  unlimited  number  of  post  processing 
operations  at  a  fixed  cost  by  the  use  of  a  dedi¬ 
cated  microcomputer,  it  is  no  longer  necessary 
to  use  mainframe  computer  time  to  perform 
such  studies. 

Given  these  facts,  it  seemed  logical  to  begin 
by  monitoring  local  variables,  such  as  energy, 
as  a  function  of  time  for  a  selected  unit.  In  this 
manner  we  could  observe  the  manner  in  which 
energy  flowed  into  and  out  of  this  unit  and,  in 
the  case  of  a  polyatomic  unit,  the  energy  flux 
between  different  degrees  of  freedom.  Then,  by 
enlarging  our  unit,  we  could  progressively  mon¬ 
itor  increasingly  less  local  conditions  if  this  ap¬ 
peared  desirable.  We  have  recently  reported  the 
earliest  of  our  findings  (5, 6)  employing  this  ap¬ 
proach  and  demonstrated  its  potential  useful¬ 
ness.  However,  it  was  also  evident  that  further 
compacting  of  the  data  was  desirable,  and  the 
most  promising  approach  was  to  compute  their 
temporal  Fourier  transforms.  This  can  be  done 
for  varying  time  intervals,  provided  they  are  not 
too  short  (a  circumstance  that  we  wish  to  avoid 
in  any  event  if  we  are  to  achieve  any  useful  com¬ 
pacting  of  the  data),  and  the  whole  history  thus 
reduced  to  a  manageable  number  of  figures. 

This  additional  capability,  together  with  the 
greatly  increased  sophistication  of  our  CMD 
codes,  has  made  it  desirable  that  we  repeat  a 
selected  set  of  our  earlier  calculations,  which  we 
regard  as  canonical;  in  addition,  we  have  added 
some  completely  novel  investigations  which  ad¬ 
dress  new  areas  not  previously  explored. 

Thus,  in  the  present  paper,  we  focus  on  stud¬ 
ies  of  diatomic  systems  (which  have  earlier  on¬ 
ly  been  reported  in  summary  form),  which  are 
important  in  their  own  right  as  the  first  step 
to  the  truly  polyatomic  systems  represented  by 
organic  explosives  and  binders  and  which  also 
lead  naturally  to  the  introduction  of  the  sim¬ 
plest  possible  type  of  disorder  in  a  controlled 
fashion.  This  comes  about  because  if  one  intro¬ 
duces  only  mass  disorder  by  inserting  in  a  ran¬ 
dom  fashion  “wrong”  masses  in  a  monatomic 
host,  then  one  is  introducing  both  position  and 
mass  disorder  simultaneously.  However,  if  one 
begins  from  a  regular  diatomic  host  and 
replaces  atoms  of  one  sub-lattice  by  atoms  of 
the  other  sub-lattice  species,  but  retains  an  or¬ 
dered  array  for  the  other  sub-lattice,  one  is  in¬ 
troducing  only  mass  disorder. 


SPECIFIC  STUDIES 

The  techniques  of  CMD  are  now  well  docu¬ 
mented  by  both  others  ard  ourselves  (2, 7).  The 
only  novel  features  are  the  use  of  “look-up”  pro¬ 
cedures  to  keep  track  of  the  interatomic  bond¬ 
ing  and  the  various  post  processing  options  re¬ 
ferred  to  in  the  Introduction.  In  the  present 
rather  preliminary  account,  our  basic  objective 
is  to  “revisit”  some  of  our  earlier  studies  with 
the  aid  of  these  new  techniques.  As  before,  for 
reasons  of  computational  economy,  these  stud¬ 
ies  have  been  primarily  restricted  to  two-dimen¬ 
sional  systems. 

DIATOMIC  STUDIES 

We  begin  by  reporting  the  results  of  two  runs 
on  regular  diatomic  lattices,  subject  to  loading 
by  impact  of  a  plate  composed  entirely  of  heavy 
atoms  (=  10  amu).  They  differ  only  in  the  na¬ 
ture  of  the  column  of  atoms  which  the  plate  ini¬ 
tially  strikes:  in  the  first  case,  it  is  composed 
of  heavy  atoms  (=  10  amu),  in  the  second  case, 
it  is  composed  of  light  atoms  (=  1  amu). 

In  Figures  1  and  2,  we  show  a  sequence  of 
stills  from  the  movie  history  of  the  first  case 
(heavy  on  heavy)  designed  to  reveal  the  overall 
history  of  this  system.  Evidently  there  is  con¬ 
siderable  lattice  disruption  which  is  both  coher¬ 
ent  and  athermal.  The  behavior  of  the  last 
spalled  fragment  on  the  right  is  particularly  in¬ 
teresting,  since  it  appears  to  evolve  in  a  man¬ 
ner  revealing  considerable  shock-induced  (ather¬ 
mal)  chemistry,  involving  rupture  and  subse¬ 
quent  “healing”  of  a  number  of  bonds. 

In  Figures  3  and  4,  we  show  a  similar  se¬ 
quence  of  stills  from  the  history  of  the  lattice 
with  light  atoms  forming  the  initial  column  on 
the  left.  (Since  the  choice  of  such  stills  is  deter¬ 
mined  by  the  history  itself,  the  selected  times 
are  not  necessarily  the  same  for  every  run.)  It 
can  be  seen  that  the  "rupture  pattern”  is  very 
different  from  that  of  the  previous  run.  Appar¬ 
ently  the  somewhat  less  "impulsive”  shock 
loading  due  to  the  "indirect”  (light-atom-medi¬ 
ated)  impact,  rather  than  the  direct  impact  of 
heavy  plate  atoms  on  heavy  lattice  atoms,  has 
favored  the  spall  of  larger  more  coherent  lattice 
fragments;  additionally,  the  high  degree  of  lo¬ 
cal  activity  at  the  pointed  end  is  no  longer 
present. 

In  order  to  exploit  our  new  post  processing 
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Figure  1.  Initial  configuration  for  a  diatomic 
lattice  (masses  =  1  and  10  amu)  shock  loaded  hv 
impact  by  a  monatomic  (mass  10)  plate:  plate 
striking  column  of  mass  10  atoms.  Smaller  and 
larger  circles  designate  mass  1  and  mass  10 
atoms,  respectively. 


Figure  2  Configurations  of  the  diatomic  system 
of  Fig.  1  at  various  times  (in  units  of  10~14  s). 
Smaller  and  larger  circles  designate  mass  1  and 
mass  10  atoms,  respectively,  a)  t=15.  b)  t—20. 
c)  t~23.  d)  t-30. 

techniques,  we  Fourier  transformed  the  energy 
of  a  pair  of  near-identically  situated  light  and 
heavy  atoms  for  both  histories.  We  did  this  by 
d'viding  the  thirty-time  unit  history  into  three 
o'jcks  of  ten  units  (one  time  unit  =10“14  s). 
The  resultant  transforms  are  shown  in  Figures 
5  and  6.  Probably  since  the  atom  pairs  are  lo¬ 
cated  within  the  coherent  lattice  fragments,  the 
transforms  show  no  very  dramatic  features,  but 
the  data  reduction  is  very  promising,  and  fur¬ 
ther  study  is  indicated. 

DISORDERED  SYSTEMS 

In  order  to  characterize  the  effects  of  disor¬ 
der,  we  set  up  three  diatomic  systems  identical 
to  the  first  set  of  studies  described  above  (Fig¬ 
ures  1  and  2),  except  that  the  lattices  have  been 
disordered  on  the  “light  atom"  sublattices  by 
random  replacement  of  ,M5%,  67%,  and  84%, 


Figure  3.  Initial  configuration  for  a  diatomic 
lattice  (masses  =  1  and  10  amu)  shock  loaded  by 
impact  by  a  monatomic  (mass  10)  plate:  plate 
striking  column  of  mass  1  atoms.  Smaller  and 
larger  circles  designate  mass  1  and  mass  10 
atoms,  respectively. 


Figure  4.  Configurations  for  the  diatomic  sys¬ 
tem  of  Fig.  3  at  later  times  (in  units  of  10~14  s). 
a)  t=15.  b)  t—21.  c)  t=23.  d)  t—30.  Smaller 
and  larger  circles  designate  mass  1  and  mass  10 
atoms,  respectively. 

respectively,  of  the  light  masses  by  heavy 
atoms.  Selected  stills  from  the  history  of  the 
67%  case  are  shown  in  Figure  7. 

The  most  striking  effect  is  the  almost  complete 
suppression  of  the  atomically  sharp  shock  front 
found  in  the  ordered  systems.  This  is  most  clear¬ 
ly  manifested  by  the  disappearance  of  spall  and 
a  general  tendency  for  the  coherent  shock  energy 
to  degrade  into  quasi-random  atomic  motion 
leading  to  “quasi-melting”  (semi-random  emission 
of  fragments). 

In  order  to  quantify  this  behavior,  we  again 
performed  Fourier  transform  post  processing  for 
a  pair  of  atoms  situated  in  near  proximity  to  the 
position  of  the  pair  selected  in  the  first  study  (a 
heavy  plate  impacting  a  diatomic  lattice  in  which 
the  first  column  is  composed  of  heavy  atoms). 
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Figure  5.  Fast  Fourier  transforms  for  the  vibra¬ 
tional  energy  of  a  single  diatom  (masses  10  and 
1)  in  a  diatomic  lattice  shock  loaded  by  a  heavy 
plate  (mass  10  atoms)  initially  striking  column  of 
mass  10  atoms  (units  of  time  in  10~ 14  s).  a)  Con¬ 
figuration  at  t  — 20  showing  tagged  diatom,  in¬ 
dicated  by  filled  circles.  Light  masses  shown  as 
smaller  circles,  b)  FFT',  t  —  0-10.  c)  FFT,  t  —  10 
-  20.  d)  FFT,  t  —  20  -  30, 


Figure  6.  The  same  sequence  as  Fig.  5  except  that 
the  plate  strikes  a  light  column  and  the  tagged 
diatom  is  somewhat  differently  situated  (units  of 
time  in  10~14  s).  a)  Configuration  at  t  =  20  show¬ 
ing  tagged  diatom  indicated  by  filled  circles. 
Light  masses  shown  as  smaller  circles,  b)  FFT, 
t  =  0-10.  c)  FFT,  t  =  10-20.  d)  FFT,  t  =  20-30. 


The  results  are  shown  in  Figure  8. 

In  all  cases  it  is  of  interest  to  observe  the 
amount  of  energy  delivered  to  the  diatomic  unit 
whose  history  is  being  studied,  and  to  compare 
this  with  the  bond  rupture  energy,  in  order  to 
determine  whether  bond  rupture  would  be  pos¬ 
sible  at  some  local  surface  (bond  rupture  in  the 
bulk  of  the  lattice  is  precluded  by  the  caging  ef¬ 
fect  of  the  neighboring  atoms).  In  all  three  stud¬ 
ies  it  appears  that  surface  bond  breaking  is  in¬ 
deed  the  case  even  though  (except  in  the  disor¬ 
dered  systems)  the  actual  lattice  “temperature” 
is  quite  low— the  principal  reason  for  this  appar¬ 
ent  paradox  is  that  bond  rupture  at  a  surface 
is  an  irreversible  process  which  is  likely  to  oc¬ 
cur  whenever  the  instantaneous  bond  energy  ex¬ 
ceeds  the  bond  rupture  energy.  Thus,  while  in 
the  bulk,  energy  flows  coherently  into  and  out 
of  bonds  as  the  shock  transits  the  lattice  and, 
after  the  passage  of  the  front,  the  average  bond 
energy  reverts  essentially  to  its  value  prior  to 
the  shock  incidence,  at  the  surface/void  the  in¬ 
stantaneous  bond  extension  can  exceed  the 
bond  energy  and  readily  produce  rupture,  or 
monomolecular  decomposition.  Hence,  by  this 
means  are  formed  atomic  (ionic/radical)  frag¬ 
ments  of  high  reactivity  which  can  initiate  a 
propagating  chemical  reaction  when  produced 
in  sufficiently  large  concentrations.  In  Figure 
9,  we  show  a  comparison  of  the  vibrational  ener¬ 
gies  of  the  diatoms  chosen  for  the  ordered  dia¬ 
tomic  lattice  and  the  disordered  diatomic  lattice 
(Figures  5  and  8). 

One  additional  feature  is  that  examination  of 
energy  propagation  through  the  light  and  heavy 
sub-lattices  reveals  that  propagation  occurs  pri¬ 
marily  through  the  heavy  sub-lattice.  This  is 
consistent  with  the  partition  of  energy  between 
the  center-of-mass  (CM)  and  internal  motion  of 
each  diatomic  unit.  The  internal  (within  the  CM 
system)  motion,  by  definition,  has  no  net  mo¬ 
mentum,  thus  momentum  propagation  is  con¬ 
fined  entirely  to  the  overall  CM  motion  and,  for 
widely  disparate  masses,  is  primarily  carried  by 
the  heavier  atom. 

This  is  a  somewhat  simplified  picture  since, 
at  first  sight,  it  would  seem  to  imply  that  ener- 
(  /  never  reaches  the  internal  motion,  at  least 
not  beyond  the  first  pair  of  columns.  However, 
a  little  closer  examination  of  the  problem  re¬ 
veals  that  this  is  incorrect.  The  impact  of  a 
neighboring  pair  of  shocked  columns  on  their 
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Figure  7.  a)  Initial  configuration  for  a  diatom¬ 
ic  (masses  =  1  and  10  amu)  lattice  disordered  on 
the  light  sublattice  by  random  replacement  of 
'v 67 %  of  the  light  masses  by  mass  10  atoms. 
Smaller  circles  designate  mass  1  atoms.  History 
of  the  disordered  lattice  at  later  times  (in  units 
of  10~14  s).  b)  t  =  20.  c)  t —  25.  d)  t  =  30. 
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Figure  9.  Comparison  of  the  vibrational  energu 
of  the  corresponding  diatoms  in  (a)  the  ordered 
diatomic  lattice,  Fig.  5,  and  (b)  the  disordered  dia¬ 
tomic  lattice,  Fig.  8. 

one  another  as  hard  rods;  rather,  the  heavy 
members  of  the  moving  pair  push  directly  only 
against  the  light  column  of  the  unshocked  pair. 
Thus,  initially  they  effectively  push  the  light 
column  before  them  without  resistance.  How¬ 
ever,  as  this  process  compresses  the  initially  un¬ 
shocked  columns,  the  bonds  between  them  be¬ 
come  more  and  more  rigid,  until  the  heavy  col¬ 
umn  has  assumed  the  bulk  of  the  CM  motion 
of  the  impacting  pair  of  columns.  At  this  point 
the  shock  front  has  effectively  jumped  one  pair 
of  columns  and  the  transfer  of  energy  is  com¬ 
plete,  including  the  transfer  of  energy  to  the  in¬ 
ternal  motion  (light  atom  beating  against  heavy 
atom)  within  the  CM  system.  This  is  an  impor¬ 
tant  point,  possibly  crucial,  because  it  implies 
that  the  internal  motion  will  be  drastically 
athermal  due  both  to  the  coherent  and  rapid  na¬ 
ture  of  the  energy  transfer  during  a  time 
'WO- 100  femtosecs.  Hence,  arise  the  bond  rup¬ 
tures  at  surfaces  and  other  imperfections  that 
we  observe  in  our  simulations  (1,  2). 

CONCLUSIONS 


Vibrational  energies 


Figure  8.  Fast  Fourier  transforms  of  the  uibra- 
tional  energy  of  a  diatom  in  the  disordered  lat¬ 
tice  during  the  simulation  shown  in  Fig.  7. 
a)  Configuration  at  t  —  20  showing  the  tagged 
diatom  indicated  by  filled  circles.  Light  masses 
shown  as  smaller  circles,  b)  FFT,  t  =  0  -  10. 
c)  FFT,  t- 10-  20.  d)  FFT,  t  -  20-  30.  The  ad¬ 
ditional  “spike”  in  the  t -20-30  transform  at 
a  frequency  *V 1.5  fv 1990  cm~2)  is  probably  the 
“pumping''  of  energy  into  the  tagged  pair  by  the 
motion  of  the  heavy  atom  first  neighbor  of  the 
tagged  heavy  atom. 

unshocked  forward  neighbors  is  a  more  complex 
process  because  the  pairs  do  not  strike 


We  have  presented  results  demonstrating  the 
potential  usefulness  of  post-processing  Fourier 
transforms  as  a  means  of  “fingerprinting”  the 
nature  of  shock  loading  in  a  variety  of  situa¬ 
tions.  The  one  single  common  feature  is  that 
these  transforms  again  show  that  shock  load¬ 
ing  can  excite  high  frequency  intramolecular 
motions  over  picosecond  time  intervals  in  a 
strongly  athermal  manner.  The  transforms, 
themselves,  although  not  particularly  dramatic 
for  these  selected  studies,  do  reveal  a  high  de¬ 
gree  of  promise  as  a  data  reduction  scheme 
which  drastically  reduces  the  amount  of  output 
while  retaining  all,  or  almost  all,  of  the  impor¬ 
tant  microscopic  information. 
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DISCUSSION 

DR.  J.  RITCHIE,  Los  Alamos  National 
Laboratory 

1.  How  do  you  obtain  your  potentials  and  how 
realistic  are  they? 

2.  How  do  changes  in  the  potentials  affect  the 
results? 

REPLY  BY  ARNOLD  M.  KARO 

Two  specific  studies  are  presented  in  this 
contribution:  shock  loading  and  propagation  in 
diatomic  lattices  and  in  disordered  systems.  The 
potentials  used  in  the  simulations  are  of  the 
analytic  form  proposed  by  Morse  with 
parameters  chosen  to  correspond  to  the  realistic 
frequencies  and  binding  energies  that  would  oc¬ 
cur  in  condensed  molecular  systems.  The  effects 
we  have  discussed  in  the  paper  of  course  will  de¬ 
pend  quantitatively  on  the  mass  ratios  chosen 
and  on  the  binding  forces.  However,  over  large 
variations  of  the  parameters  describing  the  po¬ 
tentials  the  significant  qualitative  features  will 
remain:  for  the  diatomic  lattice  coherent  and 
athermal  lattice  disruption  with  flux  propaga¬ 
tion  mainly  through  the  heavier  sublattice:  for 
the  disordered  system  the  disappearance  of  the 
sharp  shock  front  found  in  ordered  systems;  and 
for  all  cases  excitation  of  high-frequency  in¬ 
tramolecular  motions  in  sub-picosecond  time 
intervals. 
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We  have  employed  the  method  of  molecular  dynamics  in  a  st^dy  of 
the  detonation  process  in  a  model  of  a  molecular  crystal  capable  of 
undergoing  exothermic  reactions  by  dissociation.  The  model  was  ini¬ 
tially  heated  at  the  boundary.  Simultaneously  it  was  subjected  to 
shock  compression  by  mechanical  impact  Our  results  showed  both 
thermally  initiated  and  shock  initiated  reactions  which  combined  to 
form  a  propagating  reaction  front,  driving  a  shock  wave  ahead  of  it. 
The  velocity  of  the  reaction  front  depended  strongly  on  the  rate  of 
energy  transfer  from  the  shock  compresion  to  internal  modes  of  the 
molecules.  Under  strong  compression,  the  shock  initiation  time  was 
short,  and  we  obtained  a  steady  detonation  wave  profile  which  cor¬ 
responded  to  an  overdriven  case  below  the  Chapman-Jouguet 
condition. 


INTRODUCTION 

Detonation  in  a  chemically  reactive  system 
has  been  extensively  studied  from  the  viewpoint 
of  continuum  mecha.  >cs  mder  the  assumption 
of  local  equilibrium  in  all '  hermodynamic  param¬ 
eters  except  chemical  a  mpositon  (1,  2).  In  a 
steady  detonation  wuvo,  t-us  means  that  various 
energy  relaxation  processes  are  assumed  to  occur 
at  a  rate  at  least  equal  to  the  local  sound  veloci¬ 
ty.  Pastine  et  al.  (3),  however,  have  pointed  out 
that  the  average  frequency  of  the  intramolecular 
vibrations  in  a  dense  system  may  be  expected 
to  be  much  higher  than  that  of  the  intermolecu- 
lar  vibrations,  and  consequently  the  relaxation 
processes  for  energy  transfer  between  V-R,  V- 
T  and  R-T  (V  =  vibrational,  R  =  rotational,  T 
=  translational)  degrees  of  freedom  should  be 


rather  slow.  Assuming  a  constant  relaxation 
time  tr,  Pastine  et  al.  constructed  a  simple 
model  of  shock  initiation  of  deontation  which 
predicted  an  initiation  time  controlled  by  rR,  in 
good  agreement  with  the  experiment  for  one 
material.  But  for  a  different  material  they 
obtained  poor  agreement. 

The  problems  of  energy  relaxation  are  cf  very 
general  interest  in  physics  and  chemistry.  With 
the  development  of  lasers,  computers  and  chem 
ical  studies  in  the  picosecond  regime,  studies  of 
these  problems  have  become  active  and  inter¬ 
esting  because  it  is  now  possible  to  investigate 
the  energy  transfer  processes  on  the  time  scale 
of  real  chemical  reactions.  The  initiation  of 
detonation  is  of  special  interest  because  it  is  a 
limiting  case  of  an  extremely  fast  reaction,  its 
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time  scale  (10-13  to  10'10  s)  matches  well  the 
time  scale  of  molecular  dynamical  (MD)  com¬ 
putations.  For  these  reasons,  and  in  an  attempt 
to  develop  further  understanding  of  the  prob¬ 
lems  of  energy  transport  and  energy  sharing  on 
a  molecular  scale,  we  have  initiated  an  MD 
study  of  the  initiation  and  propagation  of  deto¬ 
nation  in  a  model  of  an  energetic  molecular 
crystal.  In  our  first  paper  (4)  we  briefly  reported 
on  some  MD  results  of  thermally  initiated  reac¬ 
tions  which  produced  an  unsteady  detonation 
wave.  These  results  showed  that  for  the  case 
under  consideration,  the  energy  transfer  pro¬ 
cesses  were  slower  than  shock  propagation,  in 
qualitative  agreement  with  Pastine  et  al.  The 
results  also  contained  many  details  of  the 
molecular  motion  and  of  the  mechanisms  of 
thermal  as  well  as  shock  initiation.  Moreover, 
the  energy  relaxation  processes  in  our  simplified 
model  appeared  to  be  consistent  with  those 
discussed  by,  for  example,  Nesbitt  and  Hynes 
(5),  who  studied  the  theory  of  vibrational  relax¬ 
ation  of  I2  in  liquid  CC14.  Thus  we  have  been 
encouraged  to  extend  the  calculations  to  the 
case  of  an  “overdriven”  detonation  wave  at  dif¬ 
ferent  piston  velocities.  In  this  report,  we  limit 
the  discussion  to  the  combined  effects  of 
heating  and  mechanical  compression  on  the  in¬ 
itiation  process  in  our  model. 

MODEL 

The  chemical  model  used  here  was  the  same 
as  that  described  in  Refs.  (6,  7): 

jj 

A2^  A  +  A  +  energy. 

This  model  was  chosen  mainly  for  its  simplicity, 
but  as  we  showed  in  Refs.  (6,  7),  the  dynamical 
characteristics  of  the  model  were  well-behaved, 
whether  the  dissociation  was  exothermic  or 
endothermic.  The  A  atoms  were  considered  to 
be  independent  particles  interacting  with  one 
another  through  a  compound  Morse  potential 
Vi-V2: 

V,  =  e  {exp(-2a1(R-R1)]-2exp[-a1(R-R1)j}, 
for  R^Rdis; 

V2  =  b2  £{exp[-2a2(R-0.15R1)} 
--2exp(-a2(R--0.15fti)j}-f  Qe,  for  R<Rdis, 


Here  R=Rj:  is  the  separation  distance  between 
atoms  i  and  j,  £  is  the  unit  of  energy,  Rx  =  1.0 
is  the  unit  of  length,  a1  =  In  2/0.255,  a2  = 
ln2/0.05,  b2  =  0.4,  and  Q,  the  exothermicity 
parameter,  is  32.  With  these  values,  Vj  =  V2 
at  R^g  =  0.2983.  When  Ry  <  R^g,  atom  i  forms 
a  molecule  with  atom  j  and  interacts  with  j 
through  V2.  Once  formed,  bond  ij  is  saturated, 
such  that  other  neighbors  k  of  atom  i  interact 
with  i  through  Vj.  When  R;j  >  Rdis,  molecule 
ij  is  dissociated,  i  and  j  now  interact  also 
through  Vj.  The  atomic  mass,  M,  was  taken  to 
be  unity  and  the  unit  of  time  r  to  be  Rj(M /e)1/2. 
The  range  of  interaction  (cutoff)  for  Vj  was  set 
at  R  =  1.2Rj.  At  the  cutoff,  Vx  =  0.8241&.  The 
potential  energy  axis  for  both  Vj  and  V2  was 
then  shifted  by  this  amount  so  that  at  R  ^ 
1.2Rj,  Vj  =  0  and  d  V^dR  =  0.  We  chose  the 
parameters  aj,  a2,  and  b2  so  as  to  make  the 
vibrational  frequency  of  A2  only  slightly  higher 
(by  a  factor  of  three  or  four)  than  the  inter- 
molecular  frequency.  This  was  done  in  order  to 
increase  the  coupling  of  energy  to  the  internal 
mode.  This  should  make  it  easier  for  the  reac¬ 
tion  to  occur  and  hence  should  shorten  our 
model  calculation. 

As  in  Refs.  (4)  and  (8),  the  system  we  studied 
here  was  a  filament  of  bcc  crystal  of  molecular 
A2.  The  filament  was  made  up  with  blocks  of 
crystallites  each  with  4X4X4  unit  cells,  con¬ 
taining  128  molecules  (256  atoms),  and  having 
periodic  boundary  conditions  on  opposite  faces 
(see  below).  The  crystalline  axes  were  aligned  in 
the  Cartesian  coordinates,  and  the  filament  was 
formed  by  joining  the  crystallites  in  the  Z  direc¬ 
tion,  the  direction  of  propagation  of  detonation. 
The  boundary  condition  at  Z  =  0  was  that  of 
a  stationary  mirror  plane,  the  boundary  condi¬ 
tions  in  the  transverse  X  and  Y  directions  were 
periodic.  The  crystallites  in  the  filament  were 
initially  in  thermal  equilibrium.  As  the  detona¬ 
tion  moved  into  the  filament  from  the  mirror 
plane,  the  periodic  boundary  condition  in  the  Z 
direction  was  not  imposed  on  the  various  blocks 
between  the  mirror  plane  and  the  shock  front. 
But  beyond  the  shock  front,  the  filament  was 
not  yet  disturbed,  so  that  it  could  be  joined 
smoothly  to  a  single  block  of  crystallite  still  at 
equilibrium,  through  the  periodic  boundary  in 
the  Z  direction.  This  block  thus  served  to  ter¬ 
minate  the  computation  at  each  time  step.  As 
the  shock  front  advanced,  we  would  move  this 
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block  keeping  it  just  ahead  of  the  shock  front. 
The  decision  as  to  when  the  block  must  be 
moved  was  dictated  by  the  condition  upstream 
(toward  the  mirror  plane)  of  the  terminating 
block.  In  order  that  the  terminating  block  be  a 
valid  “periodic  block”  in  the  Z  direction,  the  mo¬ 
tion  of  the  upstream  particles  within  the  cutoff 
distance  from  the  terminating  block  must  be 
identical  to  the  motion  of  their  respective  peri¬ 
odic  images  inside  the  terminating  block.  As  the 
shock  front  advanced,  it  would  progressively 
disturb  these  particles,  and  the  disturbance 
averaged  over  lattice  planes  would  generally 
advance  one  plane  at  a  time.  Our  criterion, 
therefore,  was  that  if  the  average  motion  in  the 
Z  direction  of  the  particles  in  the  two  farthest 
lactice  planes  (one  unit  cell)  upstream  has  been 
disturbed  beyond  some  small  preassigned  limit, 
but  that  the  disturbance  has  not  travelled  far¬ 
ther  downstream,  we  would  move  the  periodic 
boundary  downstream  by  or.e  unit  cell.  In  this 
way  we  were  able  to  preserve  the  periodic  con¬ 
dition  of  the  terminating  block,  while  at  the 
same  time  ensure  a  smooth  junction  between 
the  shock  front  and  the  terminating  block.  We 
were  also  able  to  effect  considerable  saving  in 
computation  which  in  turn  allowed  us  to  follow 
the  detonation  process  for  a  longer  time. 

Prior  to  starting,  the  system  was  prepared  in 
its  meta-stable  molecular  form  at  a  low  tempera¬ 
ture,  with  an  average  kinetic  energy  of  around 
0.25  £  per  atom  which  was  below  the  threshold 
of  spontaneous  dissociation.  At  starting  time 
t  =  0,  the  first  six  crystalline  planes  of  the  fila¬ 
ment  were  rapidly  heated  to  initiate  dissociation 
reactions  in  these  planes.  This  followed  the 
same  procedure  as  in  Ref.  (4),  i.e.,  the  heating 
was  applied  by  scaling  the  velocities  of  the  par¬ 
ticles  in  these  planes  by  a  factor  of  1.03526  per 
time  step  (at  At  =  0.01)  for  80  steps.  In  addi¬ 
tion  to  the  initial  heating  at  t  =  0,  we  also  im¬ 
posed  a  mass  average  velocity  of  Up  on  the  whole 
filament  toward  the  stationary  mirror  plane  to 
simulate  mechanical  impact  of  the  filament  with 
its  mirror  image  at  Z  =  0.  Our  problem  was  to 
follow  the  motion  of  all  the  molecules  and  atoms 
affected  by  these  disturbances  and  thus  obtain 
a  detailed  description  of  the  initiation  and  the 
dynamics  of  the  detonation  process  on  a  molec¬ 
ular  scale.  Our  calculations  were  limited  by  the 
availability  of  computing  facilities.  The  most 
extensive  profile  we  have  obtained  thus  far 


reached  360  planes  into  the  filament  and  at  that 
point  the  system  contained  approximately 
14400  atoms. 

RESULTS 

Figs,  la  to  lc  show  the  profiles  of  the  average 
of  the  normal  stress  components  along  the  fila¬ 
ment  at  different  times  for  three  representative 
cases:  In  Fig.  la  the  filament  was  stationary 
(Up  =  0)  ahead  of  the  shock  front,  in  Fig.  lb  Up 
was  —1.6  (in  units  of  Rj/t,  the  negative  sign 
indicating  that  Up  was  toward  the  mirror 
plane),  and  in  Fig.  lc  Up  was  —2.4.  The 
distance  along  the  horizontal  axis  is  expressed 
in  number  of  lattice  planes,  Na,  from  the  mir¬ 
ror  planes  of  the  undisturbed  filament.  For  the 
three  cases  here  the  interplanar  distance  was 
0.6455  Rj.  In  effect,  in  these  figures  and  in 
Figs.  2  and  3,  we  used  the  unit  cell  structure  in 
the  filament  at  t  =  0  as  a  stationary  reference 
coordinate  system  for  monitoring  the  stress, 
density,  and  energy  profiles,  etc.,  as  these 
evolved  in  time.  The  profiles  at  different  times 
have  been  displaced  in  the  vertical  direction  to 
show  the  details  and  the  wave  patterns  in  these 
profiles.  We  shall  discuss  these  presently. 

Figs.  2a  to  2c  are  similar  plots  of  the  relative 
number  density  qIq0  of  the  dissociated  free 
atoms  corresponding  to  Figs,  la  to  lc.  Q0  was 
taken  to  be  the  number  density  of  the  filament 
ahead  of  the  shock  front.  These  show  the  extent 
of  the  chemical  reactions,  averaged  over  lattice 
planes,  as  functions  of  Distance  and  time. 

Figs.  3a  to  3c  show  further  details  in  the  pro¬ 
files  of  the  kinetic  energies  of  the  system  at  an 
arbitrarily  selected  time  (r  =  21  in  these  figures) 
for  the  three  cases  a,  b,  and  c.  The  solid  curves 
are  the  kinetic  energy  per  degree  of  freedom 
averaged  over  all  particles  at  each  position,  i.e., 
over  all  molecules  and  free  atoms.  The  symbols 
show  the  partition  into  the  T,R,V  degrees  of 
freedom  of  the  average  kinetic  energy  of  the 
molecules.  These  figures  correspond  to  the  com¬ 
bined  Figs,  lc  and  le*  of  Ref.  (4).  The  stress  and 
density  profiles  (Figs,  la  to  lc,  2a  to  2c)  corres¬ 
pond  to  Figs,  la  and  lb  of  Ref.  (4). 


♦The  vertical  axes  of  Figs,  lc  - 1  e  of  Ref.  (4)  were 
incorrectly  labeled:  the  scale  was  too  large  by 
a  factor  of  2.  We  regret  this  error. 
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Fig.  1.  Profiles  of  the  average  normal  stress  0  vs.  distance  form  the  mirror  plane  at  different  times 
T  resulting  from  the  initiation  of  detonation  under  three  different  conditions.  Distance  is  expressed 
in  lattice  plane  number  Na  of  the  undistrubed  filament  spaced  at  0.5455R1  between  lattice  planes. 
The  system  was  subjected  simultaneously  to  initial  heating  (see  text)  and  to  mechanical  compres¬ 
sion  from  Up.  In  (a),  Up  —  0  and  there  was  no  mechanical  compression;  in  (b),  Up  —  —1.6  Rj/t;  in 
(c),  Up  —  —2.4  Ry! r.  The  data  have  been  smoothed  by  averaging  over  neighboring  plane:  ±  3 planes 
in  the  shock  front  region  and  ±  6  planes  behind  the  shock  front;  and  over  ±  15  time  steps.  Solid 
lines  are  the  steady-state  trajectories  of  the  crest  and  the  foot,  respectively,  of  the  shock  front  Dashed 
lines  are  the  corresponding  trajectories  of  the  reaction  front  obtained  from  Fig.  2.  Velocities  refer 
to  the  stationary  mirror  plane. 


UrtlCCPUNC  NUM&CR.N*  UTTICCPUNt  WyMBEN.N*  UTTICC  PUNE  NUMBER, N« 

Fig.  2.  Profiles  of  the  density  q/q0  of  the  dissociated  free  atoms  vs.  distance  in  the  three  cases  of 
Fig.  1.  The  data  have  been  similarly  smoothed  by  averaging  over  neighboring  planes  ±  2  planes 
ahead  of  the  reaction  front  and  ±  6  planes  behind  the  reaction  front,  and  overtime  as  in  Fig.  1.  Solid 
lines  are  the  steady-state  trajectories  of  the  head  and  the  foot  of  the  reaction  front.  Dashed  lines 
are  the  corresponding  trajectories  of  the  shock  front  obtained  from  Fig.  1.  Dotted  lines  in  (a)  and 
(b)  mark  the  trajectories  of  some  local  reaction  sites  initiated  by  shock  compression.  Velocities  refer 
to  the  stationary  mirror  plane. 
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Fig.  3.  Profiles  of  the  average  kinetic  energy  per  degree  of  freedom  Ek  of  the  molecules  and 
dissociated  free  atoms  (heavy  curve)  in  the  three  cases  of  Figs.  1  and  2,  at  t  =  21.  Local  kinetic 
energies  of  the  molecules  in  the  T,  R,  V  degrees  of  freedom  are  shown  as  individual  points:  T—  A, 
R  —  D,  V  —  O.  The  data  have  been  smoothed  by  averaging  over  ±  2  neighboring  planes.  Some 
points  have  been  omitted  to  reduce  clutter. 


In  Figs,  la  to  lc  (here)  we  have  drawn  straight 
lines  through  the  first  crest  as  well  as  the  foot 
of  the  shock  wave  profiles  after  their  propaga¬ 
tion  velocity  had  become  steady.  In  Figs.  2a  and 
2c  we  have  similarly  traced  out  the  propagation 
of  the  main  i  “action  front.  From  these  construc¬ 
tions,  the  veicc<ties  U3  of  the  shock  front  and 
Ur  of  the  reaction  iront  may  be  determined.  The 
velocities  shown  in  these  figures,  including  Up, 
were  measured  with  respect  to  the  stationary 
mirror  plane.  A  simple  coordinate  transforma¬ 
tion  would  refer  these  velocities  to  the  filament 
ahead  of  the  shock  front.  Note  that  although  Us 
and  Ur  appeared  to  be  steady  in  these  figures, 
we  really  do  not  have  enough  information  at  this 
time  to  determine  their  long-time  behavior.  For 
example,  in  Fig.  la  the  amplitude  of  the  stress 
at  the  shock  front  showed  a  steady  decrease  by 
about  16  percent  with  increasing  time  in  the  in¬ 
terval  t  =  14-22.  But  beginning  at  T  =  21,2 
some  dissociaton  occurred  near  the  shock  front 
(Fig.  2a),  and  how  this  should  affect  the 
steadiness  of  the  shock  front  can  only  be  deter¬ 
mined  with  further  calculation. 

We  now  discuss  the  details  of  these  figures.  As 
mechanical  compression  (Up)  was  changed,  our 
results  (Figs,  la  to  2c)  showed  that  the  stress 
level  and  the  velocities  of  the  shock  front  and 
those  of  the  reaction  front  all  increased  with  in¬ 
creasing  mechanical  compression.  In  the  first  two 
cases  of  lower  Up,  Ur  was  slower  than  Us  so  that 
these  detonation  profiles  were  not  steady.  But  in 
the  case  of  Up  =  -2.4,  Ur  was  the  same  as  Us, 
to  within  the  accuracy  of  our  data,  and  the 
detonation  profile  was  steady.  In  this  case  the 
wavelets  (sound  waves)  behind  the  reaction 


front  appeared  to  travel  at  a  lower  velocity  than 
the  reaction  front  (i.e.,  the  reaction  front  was 
supersonic  with  respect  to  the  reaction  prod¬ 
ucts).  Thus  this  case  corresponded  to  an  over¬ 
driven  case  below  the  Chapman- Jouguet  point 
for  this  particular  model  (2).  Between  the  mir¬ 
ror  boundary  and  the  reaction  front  the  stress 
levels  as  well  as  the  stress  components  (not 
shown  here,  but  cf.  Figure  la,  Ref.  (4))  were  well 
equilibrated  except  for  the  small  wavelets 
already  mentioned.  Between  the  reaction  front 
and  the  shock  front  the  stress  level  was 
generally  higher  and  the  stress  components 
were  not  equilibrated.  Here  the  Z-component  of 
the  normal  stress  was  higher  than  the  X-  and 
Y-components,  showing  the  effect  of  shock  com¬ 
pression.  We  shall  return  to  this  point  later. 

In  Figures  2a  to  2c  we  have  practically  only 
dissociated  free  atoms  in  the  region  between  the 
mirror  plane  and  the  main  reaction  front.  A  few 
of  these  did  occasionally  recombine  into  short¬ 
lived  molecules  and  their  kinetic  energies  showed 
a  wide  scatter,  Figs.  3a  to  3c.  The  density 
immediately  adjacent  to  the  mirror  boundary 
was  low  because  of  the  initial  heating.  The  the*  • 
mal  expansion  of  the  suddenly  heated  region 
drove  a  shock  wave  into  the  filament.  The 
heating  also  caused  the  affected  molecules  to 
undergo  exothermic  dissociation  which  in  turn 
caused  further  heating  and  expansion  of  the 
reacted  region  as  well  as  further  dissociation  of 
adjacent  molecules.  In  this  way  the  reacted 
region  moved  forward  by  thermally  initiated 
reactions.  The  kinetic  energy  in  the  reacted 
region  was  well  thermalized  and  the  tempera¬ 
ture  was  much  higher  than  that  ahead  of  the 
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shock  front  (e.g.,  Figure  3a).  Between  the  reac¬ 
tion  front  and  the  shock  front  the  density  of  free 
atoms  dropped  rather  precipitously  through  the 
reaction  front  in  Figure  2a,  but  the  total  densi¬ 
ty  in  this  region  (i.e.,  total  number  of  particles 
of  the  undissociated  molecules  and  free  atoms, 
not  shown  here,  but  cf.  Figure  lb,  Ref.  (4))  was 
considerably  higher  than  the  density  :n  the 
region  between  the  mirror  boundary  and  the 
reaction  front.  This  indicated  that  the  hot,  ex¬ 
panding  region  of  reaction  ws  continuously  com¬ 
pressing  the  unreacted  region,  rather  similar  to 
the  compression  from  a  moving  piston.  We  see 
this  clearly  from  the  motion  of  the  scattered 
reaction  sites  (see  below)  ahead  of  the  reaction 
front  in  Figure  2a.  A  typical  local  mass  average 
velocity  Um,  of  these  reaction  sites  was  about 
2.0  Rj/t,  which  was  quite  large.  Note  that  in 
general  this  local  mass  average  velocity  was  not 
uniform  in  this  region.  In  Figure  2b  a  typical 
Um  was  approximately  2.2  Rj/t,  larger  in 
magnitude  than  the  —1.6  from  Up.  In  Figure 
2c  Um  could  not  be  measured,  because  the  reac¬ 
tion  front  and  the  shock  front  were  too  close 
together,  but  compression  from  the  reacted 
region  was  definitely  taking  place,  as  evidenced 
by  the  stress  increase  ahead  of  the  reaction 
front.  Thus,  in  all  three  cases  we  see  that  the 
expansion  of  the  reacted  region  generated 
strong  shock  compression  in  the  system,  over 
and  above  the  mechanical  compression  from 
Up.  The  strength  of  this  compression  may  be 
expected  to  depend  on  the  exothermicity  of  the 
reaction,  the  velocity  Ur  of  the  reaction  front, 
i.e.,  on  the  dynamics  of  the  detonation  process 
and  the  thermophysical  propeties,  e.g.,  thermal 
expansion,  of  the  system.  We  hope  to  study 
these  problems  in  the  future. 

The  energy  of  compression  from  the  reacted 
region  on  one  side  and  from  the  mechanical  com¬ 
pression  of  -  Up  on  the  other  side  did  not  im¬ 
mediately  heat  up  the  unreacted  material.  This 
may.  be  seen  especially  clearly  from  Figure  3a 
which  shows  that  the  kinetic  energies  in  the  V 
and  R  degrees  of  freedom  of  the  molecules  were 
much  lower  than  in  the  T  degrees  of  freedom, 
the  latter  being  mostly  associated  with  the  local 
mass  average  velocity  Um.  This  inefficient 
energy  transfer  was  principally  responsible  for 
the  delay  in  the  initiation  of  dissociation  reac¬ 
tions  in  this  region.  But  in  time  some  reactions 
did  occur  at  a  few  scattered  sites  and  these 


increased  in  size  and  moved  with  the  local  mass 
average  velocity,  as  discussed  above.  These  are 
the  shock  initiated  reactions.  Since  Um  (in 
Figures  2a  and  2b)  was  smaller  tha  Up  these 
reaction  sites  were  soon  overtaken  by  the  ther¬ 
mally  initiated  reaction  front,  and  the  interaction 
between  the  scattered  reaction  sites  and  the  ad¬ 
vancing  main  reaction  front  caused  the  structure 
of  the  latter  to  become  somewhat  irregular,  and 
generated  additional  stress  and  density  waves 
running  toward  the  shock  front  and  toward  the 
mirror  plane,  in  opposite  directions,  as  seen  in 
Figures  la  and  2a.  The  merging  of  the  shock  ini¬ 
tiated  reaction  sites  and  the  thermally  initiated 
reaction  front  was  equivalent  to  increasing  local¬ 
ly  the  velocity  Ur  of  the  reaction  front  and  hence 
the  compression  of  the  material  ahead  of  the  reac¬ 
tion  front.  With  higher  energy  of  compression,  the 
induction  time  became  shorter  so  that  the  shock 
initiated  reaction  now  started  sooner  and  grew 
more  rapidly.  This  would  also  increase  the  veloci¬ 
ty  Us  of  the  shock  front,  7n  Figures  la,  lb,  2a, 
2b,  Up  =  0  and  —1.6,  thb  system  appeared  to 
reach  steady-state  conditions,  with  Ur  trailing  Us. 
But  in  Figures  lc  and  2c,  Up  =  —2.4,  Ur  and  Us 
were  the  same.  Note  that  in  this  case  the  struc¬ 
ture  of  the  reaction  front  (Figure  2c)  had  become 
relatively  smooth,  in  contrast  to  the  jagged  struc¬ 
tures  in  Figures  2a  and  2b. 

In  Table  I  we  summarize  the  characteristics 
of  the  three  detonation  wave  profiles  discussed 
above.  The  velocities  Mp,  Mg,  and  Mr  refer 
respectively  to  the  Mach  numbers  of  the  parti¬ 
cle  velocity  of  the  reacted  region,  the  velocity 
of  the  shock  front  and  the  velocity  of  the  reac¬ 
tion  front,  relative  to  the  unreacted  material 
ahead  of  the  shock  front.  Mm  is  the  Mach  num¬ 
ber  of  some  representative  local  mass  average 
velocity  of  the  material  ahead  of  the  reaction 
front.  The  longitudinal  sound  velocity  ahead  of 
the  shock  front  was  9.4  lattice  spacings  per  unit 
T  or  5.13  Rj/t.  The  intervals  of  averaging  refer 
to  the  distance  in  Figures  3a  to  3c  (at  t  =  21) 
over  which  the  averages  of  density,  stress  and 
kinetic  energy  were  taken,  the  second  number 
in  this  range  corresponds  to  the  end  position  of 
the  reaction  front.  The  region  near  the  mirror 
boundary  affected  by  the  initial  heating  was  not 
included  in  this  range.  Within  this  range  the  nor¬ 
mal  stress  components  and  the  kinetic  energies 
associated  with  the  velocity  components  had 
equilibrated  in  all  three  cases.  Both  the  number 
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TABLE  I 

Summary  of  the  Characteristics  of  the  Detonation  Wave  Profiles  at 

r  =  (Figs.  3a  to  3c) 


Mach  Number 

Average  values  in  the  Reacted  Region 

Mp 

Ms 

Mr 

Mm 

Interval  of 
Averaging 

Density  of 
Free  Atom* 

Stress 

(Pressure)* 

c/Ri3 

Kinetic 

Energy* 

£ 

Case  a 

0 

1.47 

0.78 

0.39 

60-146 

0.72(.08) 

28.5(8.  ) 

5.81(.8) 

Case  b 

0.31 

1.79 

’  1.38 

0.74 

60-190 

1.10(.07) 

73.5(10.) 

5.44(.6) 

Case  c 

0.47 

2.24 

2.24 

100-250 

1.27(.08) 

107.4(14.) 

6.16(.7) 

♦The  numbers  in  parentheses  correspond  to  one  standard  deviation  of  the  averages. 


density  and  the  pressure  increased  monotonical- 
ly  with  higher  compression  (increasing  Mp),  but 
the  kinetic  energy  actually  suffered  a  small  drop 
in  case  b.  However,  the  difference  was  well 
within  one  standard  deviation  of  the  scatter  of 
the  data,  and  thus  not  considered  to  be  signifi¬ 
cant.  But  further  investigation,  particularly  of 
the  exothermicity  of  the  reaction  under  the  dy¬ 
namical  condition  of  detonation,  will  be  needed 
to  determine  how  the  temperature  in  this  region 
changes  vitb  compression. 

DISCUSSION  AND  CONCLUSIONS 

In  the  foregoing  discussions  we  have  shown 
that  the  method  of  molecular  dynamics  provided 
a  valid  method  for  studying  the  detonation  pro¬ 
cess  and  the  details  of  the  mechanism  of  initia¬ 
tion  on  a  molecular  scale.  In  our  simplified 
model,  the  reactions  were  initiated  by  thermal 
conduction  from  the  reacted  region,  by  thermal 
expansion  of  the  reacted  region  driving  additional 
compression  (shock)  waves  into  the  unreacted 
region  and  causing  further  reactions  by  shock 
heating,  and  by  shock  compression  from 
mechanical  impact  (the  piston  problem).  The 
transfer  of  energy  between  the  translational  and 
the  internal  degrees  of  freedom  of  the  molecules 
was  not  efficient.  In  the  case(s)  of  low  compres¬ 
sion,  the  induction  time  for  dissociation  was 
long,  so  that  the  reaction  front  propagated 
behind  the  shock  front  at  a  lower  velocity  and 
the  detonation  wave  profile  was  not  steady.  In 
the  case  of  high  compression,  the  induction  time 
was  much  shorter,  the  reaction  front  propa¬ 
gated  closely  beliind  the  shock  front  at  very 
nearly  the  same  velocity,  and  the  detonation 


wave  profile  appeared  steady.  Thus,  the  effect 
of  shock  compression,  both  from  the  expansion 
of  the  reacted  region  and  from  the  mechanical 
impact,  on  the  induction  time  plays  a  crucial 
role  in  the  dynamics  of  the  detonation  wave.  We 
shall  need  further  investigations  to  determine 
whether  or  not  these  results  also  apply  to  other 
models  and  other  systems. 

To  make  these  results  more  quantitative,  we 
would  have  to  have  more  detailed  information 
on  the  rate  of  energy  transfer  and  energy  shar¬ 
ing  between  the  T-V,  T-R,  and  R-V  degrees  of 
freedom  for  the  molecules  as  they  undergo  this 
kind  of  shock  compression.  This  would  pre¬ 
sumably  enable  us  to  calculate  the  absolute 
reaction  rate  and  hence  determine  the  entire 
detonation  wave  profile  under  different  condi¬ 
tions.  This  problem  is  difficult  because  we  have 
a  dense  system  here,  and  the  non-linear,  many- 
body  interactions  must  be  fully  considered. 
Moreover,  the  large  departure  from  local  equi¬ 
librium  resulting  from  shock  compression,  as 
shown  in  Figs.  3a  to  3c,  presents  additional  dif¬ 
ficulties.  To  our  knowledge,  analytical  solutions 
to  these  problems  are  not  available  at  this  time. 
But  model  study  of  the  kind  shown  here  and  in 
Refs.  (6,  7)  appear  to  be  capable  of  providing 
some  information,  especially  on  the  problems  of 
energy  transfer.  This  kind  of  information  from 
modeling  should  be  useful  for  further  develop¬ 
ment  of  theories.  For  example,  since  the  equi¬ 
librium  properties  of  our  simple  model  are 
known  or  may  be  determined,  as  in  Ref.  (6),  it 
should  be  instructive  to  compare  the  detonation 
profiles  obtained  from  the  equilibrium  proper¬ 
ties  of  the  model  with  those  obtained  here  under 


876 


non-eqi'.’librium  conditions.  In  addition,  the 
details  of  the  molecular  motion  and  of  the  stress 
and  energy  profiles  should  be  useful  for  study¬ 
ing  such  problems  as  the  sensitivity  of  an  explo¬ 
sive  to  external  disturbances,  the  induction 
time,  the  effect  of  reaction  volume,  the  net 
energy  release  from  the  reaction  in  dense 
sytems,  etc. 

On  the  minus  side,  there  are,  of  course,  also 
rather  serious  difficulties  with  modeling.  For  ex¬ 
ample,  it  would  have  been  useful  to  extend  our 
calculations  to  much  longer  times,  by  a  factor 
of  10  or  more,  in  order  to  investigate  how  the 
detonation  process  develops  into  a  steady  pro¬ 
file  (Fig.  lc).  But,  we  were  not  able  to  do  this 
owing  to  inadequate  computing  facilities.  More 
serious  is  the  question  that  our  present  model 
was  perhaps  too  simplistic  and  unreal.  The  PAV 
term  was  positive  and  rather  too  large,  so  that 
the  reaction  rate  must  have  been  greatly  re¬ 
duced  by  increasing  pressure.  A  more  realistic 
model  would  be 

2AB  =  2A  +  2B  -  energy 

A+A  =  A2  +  energy 

B  +  B  =  B2  +  energy 


giving  2AB  -  A2  +  B2  +  energy. 

In  these  reactions,  the  dissociation  of  AB  into 
A  +  B  would  be  endothermic,  but  the  combin¬ 
ing  of  the  "free  radicals”  A  and  B  fo  form  A2 
and  B2  would  be  highly  exothermic.  In  addition 
to  being  more  realistic  as  a  model  for  an 
energetic  chemical  reaction,  the  sign  and  the 
magnitude  of  the  PAV  term  could  be  adjusted 
by  suitable  adjustment  of  the  potential  so  that 
the  effect  of  pressure  on  the  reaction  rate  could 
be  investigated.  We  plan  to  study  some  of  these 
problems  in  the  future. 
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DISCUSSION 

JAMES  P.  RITCHIE,  Los  Alamos  National 

Laboratory 

1.  What  are  your  comments  regarding  the 
hydrodynamic  prediction  of  periodic  data 
waves  rather  than  stable  waves? 

2.  What  are  your  boundary  conditions?  Please 
bear  in  mind  that  explosives  show  a  finite 
failure  diameter. 

RELY  RY  T.  TREVINO  AND  D.  TSAI 

1 .  Although  the  model  used  in  the  present  work 
should  be  capable  of  addressing  this  ques¬ 
tion,  the  time  scale  of  the  calculation  (due  to 
limited  computer  resources)  is  too  short  to 
allow  the  detection  of  this  phenomena. 

2.  The  boundary  condition  in  the  direction 
perpendicular  to  the  propagation  of  the 
disturbance  (shock  and  reaction)  are  periodic 
thus  simulating  a  semi-infinite  state  of 
material.  The  question  of  failure  diameter  is 
thus  not  addressed. 
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The  rapid  growth  of  reaction  that  occurs  in  the  final  stages  of 
deflogration-to-detonation  (DDT)  transition  in  porous  materials  is  in¬ 
itiated  by  high  strain  rate  deformation  within  a  strong  compressive 
wave.  To  study  the  compressive  reaction  mechanism,  porous  beds 
of  various  energetic  materials  were  radially  confined  and  subjected 
to  a  long  duration  (>200  ps),  low-level  shock  loading  (<180  MPa).  For 
loadings  which  exceeded  the  reaction  threshold  (13-76  MPa),  the  time 
delay  for  detecting  reaction  appeared  to  be  inversely  proportional  to 
the  squore  of  the  average  material  stress.  Somewhat  higher  leadings 
(35-108  MPa)  resulted  in  rapid  growth  of  reaction  for  those  materials 
without  an  inert  binder.  In  '.igh  confinement  tubes  the  rapid  growth 
of  reaction  would  build  to  detonation.  Higher  loadings  were  required 
for  a  transition  in  low  confinement  tubes.  Relatively  long  run 
distances  to  detonation  (3&140  mm)  reasonably  agree  with  extrapola¬ 
tion  of  higher  pressure  data  found  in  the  literature  for  several  porous 
materials. 


INTRODUCTION 

Compressive  reaction,  as  used  here,  refers  to 
the  onset  and  subsequent  growth  of  reaction 
caused  by  high  strain  rate  deformation  of  the 
energetic  material.  Such  a  reaction  mechanism 
occurs  in  drop-weight  impact,  projectile  impact, 
and  dynamic  compaction  of  porous  beds.  In 
these  experiments,  the  threshold  of  reaction  oc¬ 
curs  for  similar  bulk  rates  of  deformation 
(80-200  m/s)  for  a  variety  of  materials  (1).  When 
a  pressure  gradient  exists,  such  as  the  radial 
pressure  during  drop-weight  impact,  threshold 
reaction  occurs  in  the  low  pressure  zone  where 
the  deformation  is  the  greatest;  therefore,  it  ap¬ 
pears  that  the  primary  role  of  pressure  is  to 
drive  the  deformation.  Of  interest  to  this  paper 
is  the  reaction  that  occurs  from  dynamic  com¬ 
paction  of  porous  beds  and  how  that  relates  to 
the  rapid  pressure  buildup  in  the  final  stages 
of  DDT. 


During  the  DDT  process  for  porous  columns, 
the  accelerating  conductive/convective  burning 
at  the  ignited  end  leads  to  the  propagation  of 
compressive  (compaction)  waves  into  the  un¬ 
reacted  material.  Near  the  zone  of  burning,  the 
increasing  pressure  gradually  compacts  the  bed; 
however,  further  down  the  porous  column  the 
compressive  waves  are  coalescing,  resulting  in 
a  much  more  rapid  rate  of  compaction.  The  high 
rate  of  bulk  deformation  will  generate  hot  spots 
from  friction  between  particles,  plastic  deforma¬ 
tion  of  and  shear  banding  within  particles, 
cracking  of  brittle  particles,  and  possibly  gas 
compression.  If  the  temperature  and  size  of  the 
hot  spots  are  sufficient,  ignition  will  occur  after 
some  delay.  The  continued  growth  of  reaction 
will  itself  drive  compressive  waves  into  the  bed 
which  strengthen  the  compaction  front,  result¬ 
ing  in  a  reduced  ignition  delay  and  more  vig¬ 
orous  ignition  at  points  further  downstream. 
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Within  the  limitations  of  confinement,  the 
compaction  front  can  develop  into  a  shock  of 
sufficient  intensity  for  shock-to-detonation  tran¬ 
sition  (SDT),  the  final  stage  of  DDT.  In  DDT 
studies  at  this  Center  (2),  for  example,  very 
porous  beds  of  a  number  of  energetic  materials 
transited  to  detonation  within  the  relatively  low 
confinement  of  plastic  tubes.  This  indicates  for 
these  materials  both  their  sensitivity  to  the 
onset  of  compressive  reaction  and  the  subse¬ 
quent  rapid  growth  of  reaction  that  must  occur 
in  order  to  avoid  failure  from  loss  of 
confinement. 

The  objectives  of  this  experimental  study  of 
compressive  reaction  are  to  determine  for 
various  energetic  materials  1)  the  reaction 
threshold,  2)  the  growth  of  reaction,  and  3)  the 
propensity  to  detonate  as  a  function  of  initial 
compaction  parameters,  bed  properties,  and 
confinement.  In  earlier  work,  Leroy  Green 
presented  (3)  compressive  reaction  data  for  a 
granulated  propellant  that  was  ramp  loaded, 
similar  to  the  pressure  loading  that  occurs  dur¬ 
ing  DDT.  In  order  to  avoid  the  uncertainty  of 
what  pressures  during  ramp  loading  are  asso¬ 
ciated  with  the  reaction,  the  approach  of  the 
present  study  has  been  to  drive  relatively  con¬ 
stant  pressure  waves  into  confined  porous 
materials  by  impacting  them  with  a  long  pro¬ 
jectile.  As  compared  to  typical  SDT  studies,  the 
driving  pressures  are  low  (<180  MPa)  and  main¬ 
tained  for  a  relatively  long  duration  (<200  ps). 

DESCRIPTION  OF  THE  EXPERIMENTS 

The  experimental  arrangement  uses  a  powder 
gun  to  propel  a  25.4  mm  diameter  by  305  mm 
long  piston  into  the  tube  that  contains  the 
porous  bed.  The  schematic  of  the  apparatus 
shown  in  Figure  1  is  a  recent  version  used  in 
most  of  the  reported  experiments.  The  muzzle 
end  of  the  barrel  has  a  replaceable  extension 
that  is  damaged  by  violent  bed  reactions;  one 
end  of  the  extension  screws  into  the  barrel  while 
the  other  end  is  clamped  to  the  confining  tube. 
Slots  in  the  barrel  extender  serve  several  pur¬ 
poses,  one  of  which  is  to  vent  the  air  between 
the  piston  and  the  porous  bed.  Air  injection  into 
the  bed  is  further  prevented  by  a  disk  (usually 
a  0.8  mm  thickness  of  plastic)  which  covers  the 
end  of  the  bed;  that  disk  also  keeps  the  bed  from 
spilling  or  springing  out  of  the  tube  during 
setup.  Another  purpose  of  the  slots  in  the  barrel 
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Fig.  1.  Schematic  apparatus  for  piston  impact 
of  porous  energetic  materials 


extender  is  to  permit  photographic  measure¬ 
ments  of  the  piston  velocity  before  and  after  bed 
impact.  This  is  accomplished  by  backlighting 
the  slotted  region  and  using  a  transparent  pis¬ 
ton  (Lexan  101-111)  which  is  circumferentially 
scribed  at  several  positions.  In  some  experi¬ 
ments,  the  piston  velocity  prior  to  bed  impact, 
vp,  was  determined  from  the  elapsed  time  be¬ 
tween  the  responses  of  an  optical  switch  about 
18  mm  from  the  end  of  the  bed  and  a  shorting 
switch  on  the  disk  that  covers  the  end  of  the 
bed;  the  piston  velocity  after  bed  impact  was 
determined  from  flash  radiographs  in  this 
situation. 

Four  different  confining  tubes  were  used;  all 
had  an  inner  diameter  only  slightly  larger 
(generally  <0.1  mm)  than  the  piston  to  avoid  ex¬ 
trusion  of  bed  material  between  the  piston  and 
the  tube.  A  thick  (~25  mm)  wall  Lexan  tube,  as 
shown  in  Figure  1,  was  used  for  low  confinement 
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TABLE  1 

Description  of  Porous  Bed  Materials 


Material 

Ingredients3 

TMDb 

(g/cm3) 

Average  Particle  Size 
(mm) 

Tetryl 

1.73 

0.470 

HMX,  Class  D 

1.903 

0.870 

HMX,  Class  E 

1.903 

0.015 

PBXW-108(E) 

RDX/Inert  binder 

1.555 

2.17  (cubes) 

PBXW-109(E) 

RDX/Al/Inert  binder 

1.655 

2.17  (cubes) 

WC  231c 

NC/NG  (~75/25) 

1.64 

0.79  dia.  x  0.23  thick  (disks) 

HEP  “X”d 

1.88 

0.5  x  1.6  x  25  (rough  shreds) 

HEP “Y” 

1  Al/AP/Energetic 

1.895 

1.3  dia.  x  1.3  long  casting  powder 

HEP  “Z” 

i  binder/HMX/NG 

1.84 

0.8  x  2.5  x  1.6  (short  shreds) 

6.4  (long  shreds) 

a  A1  =  aluminum  AP  =  ammonium  perchlorate 

NC  =  nitrocellulose  HMX  =  cyclotetramethylenetetranitramine 
NG  =  nitroglycerin  RDX  =  cyclotrimethylenetrinitramine 
b  Theoretical  maximum  density 

c  Commercial  reloading  powder  d  HEP  =  high  energy  propellant 


experiments  involving  high  speed  photography 
of  luminous  reaction  and,  sometimes,  flash 
radiography  of  bed  compaction.  Early  in  the 
study,  bed  compaction  was  measured  by  back¬ 
lighting  the  tube  and  photographing  the  motion 
of  transparent  disks  within  the  bed;  however, 
this  was  abandoned  because  the  disks  perturbed 
the  growth  of  compressive  reaction.  Some  ob¬ 
servations  of  compressive  reaction  were  made 
with  an  intermediate  confinement  apparatus 
designed  for  one-dimensional  compaction  mea¬ 
surements.  In  this  apparatus,  there  is  a  thin 
(~3.2  mm)  wall  aluminum  tube  with  lengthwise 
steel  supports  over  half  of  the  outer  wall;  the 
primary  instrumentation  is  radiography  of  the 
core  of  the  pc  ous  bed  (4).  When  high  confine¬ 
ment  was  required,  a  thick  (~25  mm)  wall  steel 
tube  was  used  with  ionization  and  self-shorting 
probes  for  recording  progress  of  the  compac¬ 
tion/reaction  front.  If  detonaton  occurred  in 
these  tubes,  ti;e  appearance  of  the  inner  wall  of 
the  tube  fragments  was  often  used  in  locating 
the  onset  of  detonation.  One  tube  of  a  high 
strength  steel  (HSS,  hardened  4340)  was  used 
because  of  the  suspicion  that  even  a  regular 
steel  tube  provided  marginal  confinement  in 
some  experiments. 

The  porous  bed  materials  are  described  in 
Table  1.  Those  mateiials  were  weighed  out  for 
increment  heights  of  6.4  or  12.7  mm,  poured 


into  the  confining  tube,  and  then  hand  pressed 
to  stops.  This  provided  relatively  uniform  den¬ 
sity  for  the  entire  bed  length,  generally  ~140 
mm.  In  preparation  for  flash  radiography  mea¬ 
surements,  small  metallic  tracers  were  placed 
between  the  bed  increments. 

PRESENTATION  OF  DATA 

A  summary  of  the  initial  conditions  and 
results  for  each  experiment  appears  in  Table  2. 
The  compaction  parameters  (u,  U,  %TMD,  and 
tj)  are  based  on  measurements  near  the  im¬ 
pacted  end  of  the  bed  in  an  effort  to  avoid  the 
influence  of  reaction.  The  particle  velocity,  u, 
was  the  most  readily  measured  parameter,  often 
being  equated  with  the  piston  velocity  im¬ 
mediately  following  impact.  The  compaction 
front  velocity,  U,  and  the  extent  of  compaction, 
%TMD,  were  often  measured;  the  measure¬ 
ments  of  %TMD  consistently  agreed  (±2%) 
with  the  jump  condition  calculation 

%TMD  =  %TMD°U  . 

U  -  u 

When  meafiurements  of  U  and  %TMD  were  not 
obtained  or  reaction  had  obviously  influenced 
the  measurements,  the  % TMD  was  assumed 
and  U  was  calculated  from  from  the  above  equa¬ 
tion.  When  %TMD  was  not  assumed,  the  cal¬ 
culated  %TMD  is  tabulated  since  compaction 
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TABLE  2 

Summary  of  Compressive  Reaction  Experiments 


Initial 

Conditions 

Results 

Shot 

PDC- 

Mat*  1 

%TMD0 

Tube* 

(m/1) 

u 

(m/s) 

U 

(m/s) 

%TMD 

P 

(MPa) 

(MPa) 

At 

(Ms) 

Reaction 

Growth+ 

(mm) 

13 

Tetryl 

57.8 

L 

190 

149 

380 

95.1 

56.7 

59.6 

163 

None 

f 

57 

-290 

- 

- 

- 

- 

- 

Vig. 

36 

21 

L 

74 

55 

300 

89.4 

23.0 

25.7 

f» 

fb 

fb 

25 

L 

102 

76 

359 

92.6 

37.9 

41.0 

394 

Weak 

f 

54 

RMX 

73.0 

Al 

116 

80 

393 

91.8 

43.7 

47.7 

f 

f 

f 

22 

Class  D 

L 

125 

102 

438 

95.2 

62.1 

65.2 

117 

Weak 

f 

59 

S 

223 

144 

540 

99.5 

108.0 

108.5 

<42 

Vig. 

39 

27 

L 

267 

161 

775 

92.1 

173.2 

187.9 

-21 

Vig. 

50 

39 

S 

200 

160 

360 

79.4 

48.5 

61.0 

<215 

Sudden 

81 

58 

HMX 

44.1 

Al 

202 

180 

387 

82.5 

58.6 

71.0 

f 

f 

f 

46 

Clase  E 

L 

216 

170 

362 

83.1 

51.8 

62.3 

215 

None 

f 

50 

L 

308 

252 

494 

90a 

105 

116 

52 

Sudden 

40 

PBXW-  75.0 
108(E) 


PBXW- 

109(E) 


7.7 

f 

f 

6.3 

167 

None 

l  75 
L  128 
L  178 
L  280 
Al  -270 


12 

49. 

4  WC  231 

50. 

60 

49. 

61 

276 

94.3 

20.8 

22.0 

f 

f 

f 

102 

364 

98.3 

44.8 

45.6 

<361 

None 

f 

117 

404 

96.2 

56.0 

58.3 

<258 

None 

f 

175 

477 

103.8 

96.9 

96.9 

None 

f 

159 

602 

101.9 

118.9 

118.9 

<156 

Mod. 

f 

104 

313 

74.0 

26.5 

35.8 

511 

Weak 

f 

- 

- 

- 

- 

- 

- 

Vig. 

f 

310 

669 

92.1 

168 

182 

31 

Vig. 

84 

59 

59 

20 

89 

89 

5 

178 

178 

- 

52 

64.4  Al 

76 

59 

364 

76.8 

26.3 

34.2 

<262 

Weak 

f 

55 

64.4  Al 

137 

118 

448 

87.4 

64.6 

73.9 

<121 

Mod. 

f 

40 

HEP  "Y" 

64.9  L 

192 

131 

460 

90a 

74 

82 

18 

Mod . 

f 

43 

64.9  S 

219 

160 

497 

95a 

98 

103 

<64 

Vig. 

140 

47 

64.9  S 

284 

194 

545 

100a 

130 

130 

<20 

Vig. 

132 

34 

(l 

75 

68 

167 

100.9 

12.6 

12.6 

579 

Weak 

f 

36 

103 

86 

213 

100.3 

20.3 

20.3 

320 

Weak 

f 

35 

U 

129 

113 

280 

100a 

34.9 

34.9 

36 

Vig. 

f 

38 

Short 

Shreds  s  S 

130 

113 

280 

100a 

34.9 

34.9 

<81 

Vig. 

127 

37 

L 

-270 

- 

- 

- 

-120 

- 

- 

Vig. 

f 

44 

HEP  "Z" 

59.8  IS 

-270 

- 

- 

- 

-120 

- 

<15 

Vig. 

76 

48 

'HSS 

294 

- 

- 

- 

-130 

- 

<20 

Vig. 

73 

32 

Long 

Shreds,/ L 

270 

210 

520 

100a 

120 

120 

-9 

Vig. 

f 

33 

U 

270 

200 

500 

100a 

no 

no 

-9 

Vig. 

f 

See  Nomenclature  for  parameter  definitions 

*  Thick  wall  tubes:  L  -  L«  xan,  S  =  Steel,  HSS  —  High  strength  steel; 

Al  « -  Thin  wall  aluminum  tube  with  steel  supports 
+  Vig.  =  Vigorous,  Mod.  =  Moderate 
8  Assumed  %TMD  used  in  calculations  for  U,  p,  &  t  ; 
b  f  =  Failure 
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Fig.  2.  Average  solid  stress  versus  time  for  detection  of  reaction 


pressure,  p,  was  obtained  solely  from  the  jump 
condition  calculation 

p(MPa)  =■  p0  +  10~5TMD  %TMD0  Uu 

where  p0  =  0.1  MPa  and  both  velocities  are  in 
units  of  m/s.  The  compaction  parameter  cor¬ 
related  with  the  threshold  of  reaction  is  the 
average  solid  stress: 


100  p/%TMD,  %TMD  <  100 
p  ,  %TMD  >  100. 


For  the  Lexan  tube  experiments  with  PBXs, 
corrections  to  %TMD,  p  and  ts  for  tube  expan¬ 
sion  were  based  on  strain  gage  measurements 
(4).  The  same  reference  contains  more  detailed 
data  for  dynamic  compaction  of  ail  materials, 
except  for  the  HEPs. 

Reaction  commences  with  the  generation  of 
hot  spots  by  the  compaction  process,  but  there 
is  a  time  delay,  At.  between  bed  impact  and  the 
detection  of  that  reaction.  “Ignition”  will  not  be 


associated  with  the  detection  of  reaction  (as 
done  in  Ref.  5)  since  it  does  not  necessarily 
spread  to  the  material  surrounding  the  hot 
spots,  as  will  be  discussed  later.  The  values  for 
At  in  Table  2  are  based  usually  on  first  reaction 
light  on  a  camera  film  in  low  confinement  ex¬ 
periments,  changes  in  bed  density  in  inter¬ 
mediate  confinement  experiments,  and  probe 
responses  and  changes  in  piston  velocity  in  high 
confinement  experiments.  In  low  confinement 
experiments  with  continuous  camera  coverage, 
reaction  was  usually  detected  first  at  the  driven 
end  of  the  bed.  However,  this  was  often  not  the 
case  for  beds  of  fine  particles  or  beds  that  were 
highly  compacted,  probably  because  the  pores 
were  too  small  for  the  hot  luminous  gases  to  ex¬ 
pose  the  camera  film. 

In  order  to  establish  the  threshold  for  re¬ 
action,  data  is  tabulated  also  for  experiments 
in  which  no  reaction  was  detected  within  the 
time  frame  of  the  experiment.  For  the  various 
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Fig .  3.  Distance-time  data  for  piston  impact  of  73  %TMD  Class  D  HMX. 
a.  Shot  PDC-22,  b.  Shot  PDC-27 


materials  examined,  the  threshold  ranges  from 
bed  pressures  of  12.6  to  76.3  MPa  and  particle 
velocities  of  59  to  151  m/s.  Because  of  the 
relatively  low  pressures,  confinement  should  not 
appreciably  affect  the  threshold;  however,  for 
mild  impacts  of  Class  D  and  Class  E  HMX, 
reaction  seemed  less  likely  to  occur  in  in¬ 
termediate  confinement  as  compared  to  low  and 
high  confinement.  This  may  be  due  to  a  carbon 
gage  package  on  the  end  of  those  be.le. 

For  conditions  which  exc-ed  the  threshold  of 
reaction,  it  is  of  interest  to  correlate  hi  with  a 
compaction  parameter  in  order  to  evaluate  the 
time  frame  for  participation  of  compressive 
reaction  in  DDT.  One  such  correlation  which  is 
somewhat  material  independent  is  made  with 
Tj  in  Figure  2.  The  plot  does  not  contain  high 
confinement  data  because  of  the  uncertainty  in 
At;  low  confinement  data  for  the  PBXs  and  in¬ 
termediate  confinement  data  are  plotted  with 


left  going  arrows  to  indicate  that  At  is  less  than 
that  shown.  In  addition  to  the  data  in  Table  2, 
there  is  a  WC  231  datum  (r5  =  21.5  MPa,  At  - 
1090  ps)  from  a  gas  driven  compaction  experi¬ 
ment,  Shot  CGC-2S  (5).  Two  line3  corresponding 
to  constant  T;2At  are  drawn  on  the  plot;  one  line 
is  characteristic  of  the  explosives  and  WC  231, 
while  the  other  line  is  characteristic  of  the 
HEPs.  The  relationship  between  At  and  Tj  is 
soi  what  subjective  in  view  of  the  difficulties 
of  detecting  reaction 

After  the  detection  of  reaction,  its  growth 
varied  considerably  as  described  in  Table  2. 
Near  the  reaction  threshold  there  was  some¬ 
times  no  evidence  of  reaction  growth  (“none”) 
or  no  significant  acceleration  of  the  reaction 
front  ("weak”).  The  data  in  Figure  3a  for  Shot 
PDC-22  is  an  example  of  “weak”  reaction 
growth.  In  that  experiment,  a  weakly  luminous, 
760  m/s  reaction  front  overtook  the  initial 
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438  m/s  compaction  front  and  produced  a 
steady  630  m/s  reaction  front  which  propagated 
through  the  remaining  27  mm  of  the  bed.  In  con¬ 
trast  to  this,  the  data  in  Figure  3b  for  a  higher 
velocity  piston  impact  on  the  same  material  il¬ 
lustrates  “vigorous”  growth  of  reaction.  The 
luminous,  2000  mis  reaction  front,  which  breaks 
away  from  the  compaction  front,  is  accelerating; 
it  is  postulated  that  a  “nonluminous”  reaction 
front  originated  at  the  driven  end  and  overtook 
the  compaction  front  when  the  2000  m/s  front 
first  appears.  Vigorous  reaction  does  not  always 
transit  to  detonation  because  of  bed  length  and 
confinement  limitations.  When  loss  of  confine¬ 
ment  appears  to  limit  reaction  buildup,  those 
experiments  are  listed  in  Table  2  as  having 
“moderate”  growth  of  reaction.  In  two  fine 
(Class  E)  HMX  experiments,  the  reaction 
growth  is  listed  as  “sudden”  because  the  onset 
of  detonation  was  nearly  coincident  with  the 
first  detection  of  reaction. 

Both  “vigorous”  and  “sudden”  growth  of 
compressive  reaction  will  transit  to  detonation 
in  <100  fis  given  adequate  confinement; 
therefore,  the  thresholds  for  these  categories  of 
reaction  rate  correspond  to  the  onset  of  the  final 
stages  of  DDT.  Within  the  limitations  of  these 
experiments,  each  material  exhibited  rapid 
growth  of  compressive  reaction  except  for  the 
PBXs  (probably  because  they  contain  an  inert 
binder).  The  threshold  for  rapid  growth  of  com¬ 
pressive  reaction  in  the  non-PBXs  ranged  from 
compaction  pressures  of  35  to  108  MPa  and  par¬ 
ticle  velocities  of  113  to  160  m/s.  Low  confine¬ 
ment  did  not  appear  to  raise  the  threshold  for 
rapid  growth  of  compressive  reaction,  anymore 
than  the  threshold  for  reaction,  except  for  the 
materials  which  are  relatively  insensitive  to 
compressive  reaction  (the  PBXs)  or  resistant  to 
compaction  (HEP  “Y”).  For  these  materials,  the 
compaction  pressures  for  the  threshold  of  rapid 
reaction  are  high  enough  (>100  MPa)  to  cause 
substantial  yielding  of  a  Lexan  tube. 

For  those  experiments  in  which  detonation  oc¬ 
curred,  the  total  buildup  distance,  xD,  is  listed 
in  Table  2.  The  smaller  xD  measurements  in 
steel  (versus  Lexan)  tubes  for  coarse  HMX  and 
HEP  “Z”  demonstrate  that  low  confinement 
delayed  the  onset  of  detonation  in  these 
materials.  Although  even  steel  tube  confine¬ 
ment  was  suspected  of  delaying  detonation  in 
HEP  “Z”  (Shot  PDC-44),  the  use  of  a  higher 


strength  steel  tube  in  Shot  PDC-48  resulted  in 
no  discernible  reduction  in  xD.  The  plots  of  xD 
versus  p  and  u  in  Figure  4  include  data  from 
Table  2  as  well  as  from  the  literature  for  75.1% 
TMD  tetryl  (6),  65.2  %TMD  Class  A  HMX  (7), 
and  a  HEP  designated  as  Propellant  B  (8).  For 
comparison,  data  are  plotted  also  for  essential¬ 
ly  TMD  samples  of  tetryl  (6),  HMX  (9),  and  a 
typical  HEP  (9).  In  plotting  xD  versus  p,  there 
is  a  band  of  data  characteristic  of  the  porous 
materials  that  is  considerably  different  from  the 
essentially  TMD  materials.  Although  the  data 
in  Table  2  for  xD  are  relatively  accurate,  ±3 
mm,  the  pressures  are  less  certain  since  the 
values  of  U  used  in  calculating  p  in  detonating 
experiments  often  had  to  be  estimated  because 
of  the  rapid  onset  of  reaction.  Partly  because 
of  this  uncertainty  in  p,  a  logarithmic  plot  of  xD 
versus  the  most  directly  measured  compaction 
parameter,  u,  is  shown  in  Figure  4b.  In  this  plot, 
the  data  for  both  the  porous  and  essentially 
TMD  materials  fall  within  a  band  of  constant 
slope. 

DISCUSSION 

The  experimental  observations  are  consistent 
with  a  model  for  shock  initiation  of  porous  ex¬ 
plosives  (10)  that  basically  involves  creation  of 
hot  spots  by  the  compaction  process,  decompo¬ 
sition  of  the  material  in  the  hot  spots,  and  then 
grain  burning  of  the  remaining  material.  For 
those  experiments  described  as  having  “none” 
or  “weak"  reaction  growth,  there  was  probably 
a  low  concentration  of  spots  with  temperatures 
barely  sufficient  for  reaction,  and  even  thrn,  the 
chemical  heat  release  at  those  spots  was  strong¬ 
ly  competing  with  heat  conduction  to  the  sur¬ 
rounding,  cooler  material.  For  the  other  cate¬ 
gories  of  compressive  reaction,  there  apparent¬ 
ly  was  significant  reaction  within  the  hot  spots 
near  the  impacted  end  of  the  bed,  but  that  reac¬ 
tion  did  not  quickly  involve  the  surrounding 
material.  Instead,  compressive  waves  driven  by 
that  reaction  coalesced  with  the  compaction 
front,  which  now  created  “hotter”  spots  with 
higher  reaction  rates,  as  indicated  in  Figure  2 
by  the  reduction  in  At  for  an  increase  in  t;.  It 
appears  that  these  "hotter”  spots  ignite  the 
grain  burning  of  the  surrounding  material, 
which  causes  the  pressure  buildup  to  accelerate 
rapidly  For  those  experiments  described  as 
having  "moderate”  reaction  growth,  the  onset 
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Fig.  4.  Distance  to  detonation  data.  a.  Pressure 


of  grain  burning  perhaps  occurred,  but  the 
pressure  buildup  from  reaction  was  negated  by 
the  loss  of  confinement.  Both  "vigorous”  and 
"sudden”  growth  of  reaction  should  involve  ex¬ 
tensive  grain  burning,  the  difference  being  the 
higher  concentration  of  "hotter”  spots  and  the 
greater  surface  area  available  for  grain  burning 
in  the  "sudden"  reaction  growth  of  fine  HMX. 
Also,  a  difference  in  the  mechanism  for  hot  spot 
generation  may  be  occurring  (e.g.,  friction  ver¬ 
sus  shear  banding). 

Those  materials  which  transited  to  detonation 
in  low  confinement  —  HMX,  tetryl,  WC  231  and 
HEP  “X”  —  also  detonated  in  low  confinement 
DDT  experiments  at  this  Center  (2,  11,  12). 
Whereas  tube  expansion  in  low  confinement  ex¬ 
periments  resulted  in  a  two-dimensional  buildup 
process,  the  high  confinement  experiments  may 
be  viewed  as  a  technique  for  studying  one¬ 


dimensional  buildup  of  weak  shocks  to  detona¬ 
tion.  The  critical  condition  for  initiation  of 
detonation  in  high  confinement  is  equivalent  to 
the  threshold  of  rapid  growth  of  reaction.  For 
the  various  materials  without  an  inert  binder, 
that  threshold  occurred  for  a  narrow  range  of 
particle  velocities  (113-160  m/s)  relative  to  the 
corresponding  range  of  compaction  pressures 
(35-108  MPa).  Roth  (13)  suggested  that  a 
relatively  narrow  range  of  particle  velocities 
defined  the  critical  conditions  for  SDT  in  gap 
and  wedge  tests  on  various  densities  of  RDX, 
PETN,  HNS  and  tetryl.  Whereas  the  critical 
pressures  ranged  by  a  factor  of  ten  (0.25-2.5 
GPa),  the  critical  particle  velocities  ranged  by 
a  factor  of  two  (260-560  m/s).  Ths  higher  parti¬ 
cle  velocities  and  pressures  required  for  typical 
SDT  studies  versus  the  experiments  reported 
here  are  due  to  the  shorter  run  distances  to 
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detonation  and  the  narrow  pulse  width  of  the 
initiating  shocks. 

The  logarithmic  plot  of  xD  versus  p  in  Figure 
4a  is  a  typical  method  of  presenting  shock  in¬ 
itiation  data  (14),  in  which  straight  line  repre¬ 
sentations  of  the  data  are  used.  The  straight  line 
through  the  porous  data  is  based  on  the  data 
of  Lindstrom  for  75  %TMD  tetryl  (6).  A  fre¬ 
quently  considered  question  is  whether  a 
straight  line  representation  is  valid  at  large  xD 
values  (i.e.,  lower  pressures),  or  whether  the  data 
will  show  a  concave  upward  curvature  as  a 
failure  threshold  is  approached.  The  new  data 
reported  here  suggests  such  a  curavture;  how¬ 
ever,  experimental  uncertainty  in  pressure  or  in¬ 
adequate  confinement  may  be  responsible  for 
this  trend.  Hence,  future  work  will  be  directed 
toward  removing  these  uncertainties  and  ad¬ 
dressing  the  adequacy  of  a  straight  line  repre¬ 
sentation  out  to  very  long  distances  to  deto¬ 
nation. 

SUMMARY  AND  CONCLUSIONS 

The  threshold  for  compressive  reaction  for 
various  porous  materials  ranged  from  12.6  to 
76.3  MPa.  pressures  which  could  be  easily  at¬ 
tained  in  a  mishap.  Beyond  threshold  condi¬ 
tions,  the  time  for  detection  of  reaction  was  in¬ 
versely  proportional  to  the  square  of  the 
average  solid  stress.  A  somewhat  higher  range 
of  pressures,  35  to  108  MPa,  initiated  rapid 
growth  of  reaction  in  all  of  the  materials  tested 
except  the  two  with  inert  binders.  With  high 
confinement,  the  rapid  growth  of  reaction  would 
build  to  detonation  in  less  than  100  /is.  With  low 
confinement,  higher  compaction  pressures  were 
required  to  achieve  detonation;  even  then,  some 
materials  failed  to  transit.  Those  materials 
which  detonated  in  low  confinement,  also  ex¬ 
perienced  DDT  in  low  confinement  experiments 
at  this  Center.  The  threshold  for  rapid  growth 
of  reaction  occurred  over  a  narrow  range  of  par¬ 
ticle  velocities  (113-160  m/s);  a  relatively  narrow, 
but  higher,  range  of  critical  particle  velocities 
(260-560  m/s)  was  reported  for  SDT  in  gap  and 
wedge  tests  (13).  The  run  distances  to  detona¬ 
tion  measured  in  this  study  are  long  (36  to  140 
mm)  relative  to  those  in  typical  SDT  studies, 
but  there  is  fair  agreement  with  a  linear  ex- 
t;  apolation  of  data  in  the  literature  for  SDT  in 
porous  materials.  The  experimental  data  sup¬ 
port  a  model  in  which  hot  spots  are  generated 


by  the  compaction  process,  the  reaction  is  at 
first  isolated  to  the  hot  spots,  and  then  spreads 
to  the  surrounding  material. 
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NOMENCLATURE 

%TMD  volume  percentage  of  a  porous 

bed  occupied  by  the  energetic 
material 

p  pressure 

u  particle  velocity 

U  compaction  front  velocity 

vp  piston  velocity  just  prior  to  bed 

impact 

xD  distance  to  detonation 

At  time  between  bed  impact  and 

detection  of  reaction 

t,  average  solid  stress 

subscript  “o”  initial  conditions 
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DISCUSSION 

JOHN  B.  RAMSAY,  Los  Alamos  National 
Laboratory 

Considering  your  log-log  plot  of  xD  (distance 
to  detonation)  vs  u  (particle  velocity),  does  not 
the  correlation  simply  define  the  experimental¬ 
ly  accessible  range?  That  is,  materials  which 
might  fall  on  the  lower  left  are  too  sensitive  and 
those  that  might  lie  in  the  upper  right  are  too 
insensitive.  The  particle  velocity  axis  must  com¬ 
press  the  data  clustering  relative  to  plotting 
against  pressure  giving  an  apparent  improve¬ 
ment  in  correlation. 

REPLY  BY  H.  W.  SANDUSKY 

There  was  a  wide  range  of  relevant  materials 
investigated  that  included  explosives  as  well  as 
materials  intended  only  to  burn  (double-base 
and  high-energy  propellants).  The  xD  data  ob¬ 
tained  in  this  study  for  relatively  weak  shocks 
do  not  appear  to  correlate  any  better  with  u 
than  with  p.  However,  the  xD  data  in  the 
literature  for  strong  shocks  correlates  well  with 
u  for  various  porosities,  whereas  the  correlation 
of  xD  versus  p  is  distinctly  different  for  near 
TMD  and  porous  samples  of  even  the  same 
material.  J.  Roth  (13)  reported  similar  findings 
at  the  Fifth  Detonation  Symposium  (see  the 
Discussion  within  the  paper  and  the  following 
comment  by  J.  Roth).  Whether  this  correlation 
will  be  valid  as  more  energetic  materials  are  in¬ 
vestigated  remains  a  point  for  future  consid¬ 
eration. 

REPLY  BY  JULIUS  ROTH 
Consultant 

Run-up  distance  to  detonation  in  a  number  of 
explosives  correlates  quite  well  with  threshold 
particle  velocity  and  is  essentially  independent 
of  porosity  over  a  wide  range  of  %TMD,  except 
in  experiments  near  100  %TMD.  This  has  been 
reported  in  the  Proceedings  of  the  Fifth  Detona¬ 
tion  Symposium. 
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DISCUSSION  (Cont.) 

JOHN  C.  CUMMINGS,  Sandia  National 
Laboratory 

Have  you  developed  a  physical  or 
mathematical  model  to  explain  your  correlation 
for  jun  distance  to  detonation  with  particle 
velocity? 

REPLY  BY  H.  W.  SANDUSKY 

We  plan  to  model  the  experiments,  but  some 
processes  are  not  understood  well  enough  to 
proceed  directly.  The  first  process  which  occurs, 
compaction  of  the  very  porous  bed,  is  not 
physically  described  by  existing  models;  to 
overcome  this,  Sigmund  Jacobs  and  Harold 
Sandusky  are  developing  a  model  that  views  the 
porous  bed  as  a  collection  of  spheres  with  de¬ 
forming  contact  surfaces.  The  next  step  is  to 
describe  the  heating  that  occurs  within  those 
locally  deforming  regions. 


DICK  STRESAU,  Consultant 

From  initial  bulk  density  and  compression 
wave  propagation  and  particle  velocity  it  should 
be  possible  to  calculate  bulk  density  at  onset 
of  detonation.  Have  results  of  such  calculations 
been  compared  with  other  data? 

REPLY  BY  H.  W.  SANDUSKY 

In  these  experiments,  there  is  no  evidence 
that  the  onset  and  propagation  of  detonation 
occurred  in  a  region  previously  affected  by  com¬ 
pression  waves. 


891 


SHOCK  INITIATION 

OF  TATB  AND  HMX  EXPLOSIVE  COMPOSITIONS 


J.  Vanpoperynghe,  J.  Sorel,  J.  Aveille,  J.C.  Adenis 
Commissariat  a  l’Energie  Atomique 
Centre  d’Etudes  de  Vaujours 
B.P.  7  -  77181  Courtry  -  FRANCE 


We  have  experimentally  studied  the  initiation  of  detonation  in  TATB 
and  KMX  explosive  compositions  by  shock  waves  of  different 
amplitude  and  duration  using  a  double  wedge  test ,  an  electrical  gun 
and  a  gap  test.  The  achieved  experimental  program  provides  us 
characteristic  parameters:  run-to-detonation,  excess  transit  time,  and 
initiation  thresholds  for  short  shock  pulse.  These  allow  to  compare 
the  shock  sensitivity  of  TATB  and  HMX  compositions.  Numerical 
computations  have  been  then  conducted  with  the  shock  initiation 
model  we  call  “KRAKATOA  ”  for  1-D  and  2-D  geometries. 


INTRODUCTION 

We  are  focusing  on  the  behavior  of  hetero¬ 
geneous  solid  explosives  when  undergoing  plane 
shock  wave.  The  dynamic  characterization  of 
explosive  needs  two  kinds  of  shock-to- 
detonation  experiments. 

In  the  first  kind  of  experiments,  the  shock  is 
produced  by  a  plane  projectile  thick  enough 
which  induces  a  shock  with  a  square  pulse  a 
long  time  -  the  shock  is  said  to  be  sustained. 
In  particular  we  determine  characteristic 
values:  the  run  to  detonation  (h)  and  the  excess 
transit  time  (Tt)  which  are  function  of  the  initial 
intensity  of  shock. 

When  we  initiate  the  detonation  with  a 
pyrotecin.ical  device  we  produce  a  short  dura¬ 
tion  pulse  "unsustained”.  The  study  of  the  sen 
sitivity  and  the  initiation  must  be  achieved  by 
the  second  kind  of  exp-  riments  where  the  dura¬ 
tion  time  of  shock  is  a  main  parameter.  The  in¬ 
tensity  of  the  induced  shock  in  the  explosive  is 
defined  by  the  velocity  of  projectile,  its  nature 
,  »d  the  explosive  sample  target  characteristics. 
'1  he  limited  shock  duration  is  produced  by  im¬ 
pact  of  a  sufficiently  thin  projectile.  The  shock 
duration  depends  on  the  conditions  of  the  shock 
and  on  the  thickness:  the  thinner  the  projectile, 
the  shorter  the  duration. 

Gap-Tests  measure  the  shock  sensitivity  of 
an  explosive  as  the  thickness  of  inert  spacer 
material  which  is  located  betweer  the  HE 


sample  and  a  standard  detonating  charge,  and 
that  will  allow  50%  probability.  Therefore,  gap- 
tests  give  only  approximate  indications  of  the 
relative  shock  sensitivity.  The  sample  may  fail 
to  detonate  for  different  reasons:  first  of  all,  an 
insufficient  pressure,  a  too  short  pressure  dura¬ 
tion,  or  a  too  small  size  of  the  acceptor 
explosive. 

The  experimental  studies  are  compared  to 
numerical  simulations.  To  our  computations  we 
use  the  KRAKATOA  rate  model  of  shock  initia¬ 
tion  with  a  1-D  or  a  2-D  Lagrangian  hydro- 
dynamic  code.  The  rate  law  is  calibrated  using 
the  results  of  long  duration  shock  initiation  ex¬ 
periments  and  is  used  to  model  other  types  of 
experiments.  Numerical  computations  have 
been  so  conducted  to  predict  'stonation  in  an 
explosive  charge  which  is  impacted  by  a  long 
cylindrical  projectile. 

We  have  conducted  the  experimental  and  the 
numerical  studies  on  2  explosive  compositions, 
some  properties  of  which  are  presented  in  the 
following  table. 


TABLE  I 

Explosive 

%  weight 

Density  g/cm3 

XI 

96  HMX 

1,822 

T2 

97  TATB 

1,856 
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LONG  DURATION  SHOCK  INITIATION 


Experimental  Method  -  Double-Wedge  Method. 
To  study  the  behavior  of  unreacted  high  ex¬ 
plosive  and  the  shock-to-detonation  transition 
we  use  the  double-wedge  method  as  it  has  been 
described  many  times.  The  experimental  device, 
the  recording  apparatus  and  the  reduction  of 
the  data  have  been  reported  in  detail  in  (1),  (2). 
Figures  1  and  2  give  the  schematic  description 
f  nd  the  scheme  of  a  typical  record.  Let  us  recall 
below  the  main  features  of  the  experiments. 


The  shock  is  generated  by  tl  e  impact  of  a 
thick  flat  projectile  with  velocity  Vp  on  a 
transmitter  on  the  top  of  which  lies  the  high- 
explosive  sample  under  study.  The  projectile  is 
a  copper  plate  launched  by  a  special  explosive 
device.  The  transmitter  is  also  made  of  copper. 
The  high-explosive  sample  is  shaoed  a  /2-wedge 
out  of  one  piece  of  homogeneous  explosive;  the 
angle  fi  is  small  enough  to  ensure  a  1-D  flow  in 
the  direction  of  impact.  The  side  faces  of  the 
wedge  are  lit  by  an  argon  flash  and  looked  at 
by  means  of  a  streak  camera.  The  pressure  and 
velocity  at  the  interface  transmitter-sample  are 
lying  at  the  intersection  of  the  release  isentrope 
of  the  transmitter  and  the  go2.  U2  -  slope 
straight  line  (go2  is  the  initial  density  of  the 
sample  -  U2  is  the  shock  velocity  in  inert  ex¬ 
plosive).  In  other  terms,  each  experiment  leads 
to  a  point  of  the  Hugoniot  curve  of  the  unreacted 


Fig.  3 


explosive,  provided  the  projectile  and  transmit¬ 
ter  are  known  as  to  their  shock  (release)  be¬ 
havior  from  (to)  ambient  conditions.  Moreover, 
in  the  case  of  low  intensity  shock,  the  propaga¬ 
tion  of  the  shock  wave  may  be  schemed  as 
shown  in  Figure  3  -  drawn  in  x-t  plane.  The 
streak  camera  records  shock  trajectory  which 
may  roughly  be  divided  in  three  typical  zones. 

-  a  nearly  unreacted  zone  AB 

-  a  transition  zone  BC 

a  detonation  -  type  propagation  zone  CD. 
When  the  sample  is  thick  enough,  the  value  of 
inert  shock  velocity  U2  is  identified  to  the  in¬ 
itial  slope  of  the  trajectory  -  while  the  run  to 
detonation  (h)  and  excess  transit  time  Tt  are 
estimated  from  the  whole  trajectory  -  The  in¬ 
tensity  and  duration  are  varied  by  changing  the 
thickness  of  the  plate  (1,6  to  5  mm)  and  the  im¬ 
pact  velocity  Vp  (800  to  2800  m/s),  which  lead 
to  a  duration  t  of  shock  in  the  sample  (0,5  to 
2  ns). 

Results  —  Hugoniot  Curves  The  data  on 
Hugoniot  curve  of  liigh-explosive  when  remain¬ 
ing  unreacted  have  been  reduced  through  a 
linear  relationship  U=A+Bu  between  the 
shock  velocity  and  the  material  velocity  u.  The 
Table  II  summarizes  the  reduced  results  ob¬ 
tained  on  XI  composition  and  T2  composition 
which  are  plotted  -  Figure  4  -  Detonation 
build-up. 
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TABLE  II 


Fig.  4.  Unreacted  explosive  U  vs  u 

The  run-to-detonation,  h,  is  strongly  dependent 
of  the  pressure  P  of  the  shock  induced  in  the  ex¬ 
plosive  sample.  Therefore  these  datas  have  been 
reduced  by  means  of  linear  relationship  log  h 
and  log  P  (Pop-plot  curve)  Table  III  gives  the 
coefficients  A1  and  B1  of  tills  linear  fit.  For  each 
experiment  the  excess  transit  time  Tt  follows 

from  h  (T,=Th-  -zz — ).  It  appears  that  the 
UCJ 

values  of  Tt  are  also  nicely  fitted  by  a  linear 
relationship  between  log  Tt  and  log  P  -  cor¬ 
responding  coefficients  A2  and  B2  are  in  Table 


III. 

TABLE  III 

Explosive 

log  h= 

-A1  +  I3  log  P  log  Tt 

=A2+132  log  P 

(mm) 

(kbar)  Ips) 

(kbar) 

A1 

B1  A  2 

B2 

XI 

3,331 

-1,368  4,053 

-2,349 

T2 

7.545 

-3,111  9,491 

-4,697 

Figure  5  and  6  illustrate  these  results. 


Fig.  5.  Run-to-detonation  h  vs  P 


Figure  6.  Excess  transit  time  Tt  vs  P 

SHORT  DURATION  SHOCK  INITIATION 

The  limited  short  duration  is  produced  by  im¬ 
pact  of  a  sufficiently  thin  projectile  on  explosive 
sample.  The  thinner  the  projectile,  the  shorter 
the  duration. 
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For  this  we  use  an  electrical  launcher  with  ex¬ 
ploded  foil  (electric  gun).  The  electrical  set  up 
that  we  achieved  is  an  extension  of  one  which 
has  been  built  in  1970  (3)  upgrading  the  results 
of  Keller-Penning  and  Guenther  (4),  (5).  The 
principle  of  this  electric  device  has  been  de¬ 
scribed  many  times  in  earlier  papers,  i.e.,  in  (6). 

We  store  an  electrical  energy  E0  in  a  con¬ 
denser  bank.  The  fast  discharge  of  the  con¬ 
densers  in  the  resistance  made  of  a  thin 
aluminum  foil  (25  to  50  pm  thick)  induced  the 
melting  and  vaporization  of  the  metal.  (The  foil 
is  said  to  explode).  A  thin  Kapton  plate 
(polyimide)  or  mylar  (polyester)  lying  v  a  the 
aluminum  foil  -  Figure  7  -  is  thrown  by  the  ex¬ 
plosion  with  velocities  as  high  as  several  km/s. 
We  confine  the  projection  in  a  hollow  cylinder 
made  of  isolant  material  on  the  top  of  which  we 
set  explosive  sample. 


Fig.  7b. 

The  storage  of  energy  (E0=53  kJ)  is  produced 
by  a  battery  of  10  condensers  set  in  parallel 
(C0=42,4  pF),  the  voltage  may  be  about  50  kV. 
To  ensure  a  perfectly  synchroneous  discharge, 
we  use  a  switch  obtained  by  two  “spark-gaps". 
Large  range  of  velocity  impact  is  obtained  (1000 
to  10000  m/s)  by  changing  electrical  conditions, 
geometry  of  flyer  and  launcher  tube.  Aluminum 
foil  thickness  t  ranging  from  10  to  50  pm,  flyer 
thickness  ranging  from  (55  to  1050  pm).  The 
diameter  of  launcher  tube  confinement  is  7  to 


30  mm  and  a  variable  height  x(2  to  8  mm). 

The  impact  of  flyer  is  characterized  by  means 
of  streak  camera  and  checked  recently  by  an  in¬ 
terferometric  method  (VISAR).  The  flatness  of 
the  impact  is  low  as  50  ns  for  a  diameter  0  20 
mm. 


The  conditions  of  shock  during  the  impact  of 
the  projectile  on  explosive  sample  target  are 
provided  by  the  impedance  mismatch  method 
as  shown  on  the  schematic  drawing  in  the 
diagram  P  vs  material  velocity  u.  Figure  7b. 

We  can  determine  all  the  parameters  con¬ 
nected  to  an  impact  at  velocity  Vp.  Parameters 
with  number  (1)  are  those  in  projectile  with 
number  (2)  are  in  target  sample  -  goi  the  initial 
density  -  u;  the  material  velocity,  U{  the  shock 
velocity,  P;  the  pressure,  C;  is  the  sound  speed, 
Pi  is  the  shocked  density. 

At  the  back  face  of  sample  the  pressure 
P2=P1  is  constant  between  O  and  C  during  the 
time  t.  P2  and  r  define  the  short  pulse  shock. 
T  depends  on  the  impact  conditions  and  the 
thickness  projectile. 

For  each  values  Vp  we  can  define  the  impact 
conditions  and  write: 


Ul+u2+cl-Vp 

Old 


).  e 


p 


The  Hugoniot  data  on  Kapton  are  taken  from 
(7),  x  takes  values  between  10  ns  and  800  ns. 
The  provided  pressures  are  between  20  to  800 
kbar  with  impact  velocities  varying  from  1mm I 
ps  to  lOmm/ps. 


Sensitivity  Study  of  HMX  Composition:  XI 

The  explosive  targets  are  right  circular  cyl¬ 
inders  (20  mm  in  diameter,  h  in  height  (6  to  10 
mm),  are  located  in  a  glass  confinement.  With 
the  help  of  a  streak  frame  camera  we  can  mea¬ 
sure  the  mean  velocity  of  flying  foil  at  location 
x  in  the  barrel,  and  check  the  flatness  of  the  im¬ 
pact  on  the  target.  The  processing  of  the  light 
records  at  explosive  free  surface  gives  informa¬ 
tions  about  detonation  or  no-detonation  state 
in  the  samples.  With  the  same  kind  of  sample 
we  achieve  a  set  of  experiments  varying  Vp  and 
T.  Each  detonation  threshold  experiment  con¬ 
sists  of  test  firing  using  “up-down”  method  in 
which  P  and  t  are  adjusted  upwards  after  a  no 
detonation  and  downwards  after  detonation.  On 
Figure  8,  we  give  the  values  Vp 
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versus  thickness  ep  and  Figure  9,  we  show  the 
results  obtained  P  versus  t. 


Fig.  &  Threshold  velocity  Vp  vs.  ep 


We  find  out  that  the  critical  kinetic  energy 
(Ec)  of  flying  plate  increases  for  the  points  at  the 
threshold  detonation/non  detonation.  (The 
pressure  P2  decreases  and  T  increases).  Ec  takes 
values  from  95  J/cm2  for  P2  near  300  kbar  to 
145  J/cra2  for  P2  near  30  kbar.  These  results 
show  that  for  low  amplitude  sustained  shocks, 
the  critical  kinetic  energy  is  larger  than  for  large 
amplitude  short  sustained  shocks.  Between  both 
curves  Ec=cte  (95  J/cm2  and  145  J/cm2)  the  limit 
curve  threshold,  for  XI  composition  can  be 


written  in  the  form  Pnr=464  (kbar)n.ps  with 
n=l,89. 

Sensitivity  Study  of  TATB  Composition  T2. 

The  diameter  sample  is  20  mm  and  height 
h=15  mm.  To  obtain  the  wanted  velocities  the 
diameter  of  flyer  varies  from  30  to  9  mm.  In  com¬ 
parison  Fig.  8  and  Fig.  9  with  the  results  on  XI 
the  minimum  projectile  impact  velocities  need¬ 
ed  to  detonate  T2  are  very  large  (between  4  and 
10  mm/fis). 

We  find  out  that  the  detonation  threshold  is 
not  obtained  with  large  velocities  near  7,5  mm/ps 
to  9,8  mm/ps.  This  corresponds  with  shorter 
pulse  duration  near  20  ns.  These  data  are  ob¬ 
tained  with  a  small  projectUe  0  9  mm  which  is 
an  order  of  magnitude  of  failure  diameter  0cr 
(under  0cr  the  detonation  does  not  propagate) 
of  T2  (0cr=lO  mm).  So,  the  greatest  velocities 
were  obtained  with  a  large  length  barrel  and  for 
some  of  the  experiments  the  flyer  impact  on  ex¬ 
plosive  sample  is  rather  curved  (defect  flat- 
ness>100  ns).  Some  no  detonation  results  can  be 
explained  by  the  fact  that  a  diverging  shock  can¬ 
not  initiate  a  detonation  in  TATB  composition 
T2  near  failure  diameter. 

The  experimental  values  Ec  increase  when  P 
decreases  and  t  increases.  These  values  are  be¬ 
tween  700  and  1500  J/cm2.  T2  composition 
seems  to  deviate  from  the  relation  Ec  =  con¬ 
stant  in  the  region  of  the  lower  pressures  P  and 
of  the  larger  pulses  duration  shocks. 


TABLE  IV 


DONOR 

ACCEPTOR 

SPACER 

composition 

Sum  (mm) 

Sue  (mm) 

mat'l 

ill* 

(mm) 

MltSMP 

LX  04 

026,41138,1 

026.411,26.4 

Cu 

26,4 

NSWC  S3GT 

RDX 

026.411.38,1 

026.411,38.1 

lAlCltO 

25.4 

LANL  ssgt 

POX  9*07 

07,621106, 26 

012,71138.1 

Cu 

20 

LAN!.  SSOT 

I'BX  9296 

041.311  102 

04UH102 

A1 

41.3 

AWRB  2 

IIMX/P 

012.71126.4 

012,71175 

Alg 

26,4 

GAP  TEST 

Many  laboratories  use  the  Gap  test  in  order 
to  evaluate  the  sensibility  of  explosive  composi¬ 
tions  to  shock  waves.  There  are  a  great  number 
of  Gap  tests  (8)  through  (13),  the  main  dimen¬ 
sions  of  which  are  summarized  in  Table  IV. 
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Experimental  Set-Up 

The  experimental  set-up  (Figure  10)  is  made 
of: 

-  a  Comp.  XI  donor  explosive  initiated  by  a 
EBW  PETN  detonator. 

-  a  brass  or  copper  spacer  of  various  thickness. 

-  an  acceptor  explosive  closed  to  steel  witness 
plate. 

-  a  10  mm  thick  PMivIA  cylinder  as  con¬ 
finement. 


Results 

We  first  examine  with  a  streak  camera  the 
emergence  of  the  detonation  wave  from  the 
donor.  We  notice  that  there  is  a  250  nano¬ 
seconds  delay  between  the  axis  emergence  and 
the  side  one.  That  corresponds  to  a  35  mm  wave 
curvature  radius.  We  secondly  verify  that  a  0 
25  H  25  Comp.  XI  detonation  broke  the  steel 
witness  plate. 

Two  series  of  experiments  were  made  with 
Comp.  XI  and  Comp.  T2  as  acceptors.  The 
results  are  summarized  in  the  following  Table  V. 

NUMERICAL  MODELING 

The  KRAKATOA  model  (appendix  1)  of  shock 
initiation  of  heterogeneous  solid  explosives  is 
used  to  study  the  above  described  experiments. 

At  first  we  calibrate  our  model  for  each  ex¬ 
plosive  composition  by  determining  the  three 


coefficients  of  the  rate  law  so  that  we  obtain 
numerically  the  “Pop  Plot”.  The  results  which 
we  obtain  for  the  Comp.  XI  and  the  Comp.  T2 
are  presented  on  the  Figure  11.  The  following 
figure  represents  pressure  histories  in  cells  of 
the  buildup  region  for  a  sustained  shock  of  100 
kbar  in  the  Comp.  T2. 

TABLE  V 


explosive  acceptor  Comp.  T2 

explosive  acceptor  Comp.  XI 

e(mm) 

himm) 

e(mm) 

hlmm) 

15 

0 

ND 

22 

0 

ND 

8 

0 

ND 

20 

0 

ND 

4 

0 

ND 

19 

0 

ND 

3 

0 

ND 

18 

2,1 

D 

2.5 

0 

ND 

18 

2,1 

D 

2 

1.6 

ND 

18 

2.1 

D 

2 

0.85 

ND 

17,5 

2,8 

D 

1 

broken 

D 

17.5 

2.2 

D 

1 

broken 

D 

15 

broken 

D 

Short  Shock  Initiation 


The  sensitivity  of  the  Comp.  T2  to  short  pulse 
with  shock  pressure  ranging  from  100  to  200 
kbar  has  been  then  studied  numerically.  Results 
are  presented  in  a  LnP-Lnr  diagram  (Figure 
13). 

The  2-D  geometry  and  the  test  sizes  of  the 
gap  test  are  thought  to  be  easy  modelized.  The 
obtained  results  are  only  useful  to  validate  the 
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Fig.  12.  Pressure  history 


Fig.  13.  Numerical  P  vs.  T 

investigated  explosh  2  (acceptor)  kinetics  in  a 
2-D  geometry,  after  that  it  has  been  developed 
in  a  1-D  geometry.  Similar  testings  have  been 
performed  at  NOL  and  at  LANL.  They  were 
simulated  with  the  Forest  fire  model  on  dif¬ 
ferent  explosive  compositions  (14). 

For  the  computations  we  used  a  2  dimensional 
lagrangian  hydrodynamic  code.  Solid  materials 
(brass  for  the  spacer  and  steel  for  the  witness 
plate)  are  treated  with  the  Steinberg-Cochran 
and  Guinan’s  model  (15). 

The  detonation  wave  propagation  in  the 
donor  (Comp.  XI)  is  calculated  geometrically. 
We  initiate  the  explosive  on  a  zone  in  contact 
with  the  detonator.  This  zone  has  been  deter¬ 
mined  to  give  a  good  agreement  with  the  ex¬ 
perimental  wave  curvature  measured  at  the  in¬ 
terface  between  the  donor  and  the  spacer  (R=35 
mm). 

Detonation  initiation  of  the  acceptor  is  deal- 
ed  with  the  Krakatoa  model.  The  zoning  on  the 
Figure  14  corresponds  to  a  2  mm  thick  spacer. 


Meshes  dimensions  are  resumed  on  the  next 
table  for  each  material: 


material 

r(mm) 

z(mm) 

Comp.  XI 

0.96 

1 

Comp.  T2 

0.96 

1 

Brass 

0.96 

0.5 

Steel 

1.02 

1 

PMMA 

1.67 

1 

The  obtained  mesh  does  not  lead  to  long  dura¬ 
tion  computations. 

The  detonation  wave  front  in  the  Comp.  XI 
is  shown  at  different  times  in  the  Figure  15.  The 
pressure  profile  at  the  interface  Comp.  XI  brass 
can  be  observed  on  the  Figure  16.  We  have  plot¬ 
ted  the  pressure  history  in  an  axis  zone  on  the 
Figure  16.  We  notice  that  the  maximum 
pressure  is  less  than  the  C.J.  pressure  (340 
kbar).  This  is  due  to  the  numerical  scheme, 
which  limits  the  high  gradients.  The  pressure 
profile  must  be  compared  with  this  which  we  ob¬ 
tain  for  a  steady  detonation  wave  in  a  long  25 
mm  diameter  cylinder  in  Comp.  XI. 


(u&f  iA  UAt  UHlUKt  /« *u*u 

Fig.  15. 
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Fig.  16. 

The  detonation  regime  in  the  Comp.  T2  is  ob¬ 
tained  for  a  1mm  thick  spacer  and  for  a  2mm 
thick  spacer  we  don’t  observe  detonation. 
However,  in  this  last  case  the  results  presented 
on  the  Figure  17  show  that  great  part  of  the  ex¬ 
plosive  has  fully  reacted  and  the  pressure  stays 
at  a  high  level  during  a  long  time. 

Impact  of  Cylindrical  Projectile 

When  the  projectile  is  long  enough,  the 
pressure  field  in  the  target  is  controlled  by 
lateral  release  waves  starting  at  impact  time 
from  impact  surface  periphery.  Consequently 
when  the  length  of  the  projectile  is  greater  than 
the  radius  only  the  diameter,  or  the  radius  of 
the  projectile  is  important.  The  velocity  and  the 
nature  of  the  projectile  determine  impact  shock 
pressure. 

Experimentally  for  a  cylindrical  with  a 
diameter  D,  the  detonation  regime  is  obtained 
for  velocities  greater  than  a  critical  velocity.  So 
we  can  express  initiation  threshold  curve  with 
the  projectile  velocities  plotted  versus  projec¬ 
tile  diameter. 

Here  are  presented  numerical  results  obtained 
for  a  Comp.  XI  charge  impacted  by  a  cylindrical 
projectile. 

We  compute  the  thresholds  corresponding  to 
the  detonation  regime  for  a  bare  or  a  covered 
charge.  This  numerical  results  are  obtained 
before  the  experiments,  which  could  not  still  be 
performed.  Despite  they  were  very  useful  for  the 
choice  of  sizes  and  the  volocities  of  the  projec¬ 
tile  and  the  target. 


Fig.  17. 

The  Figure  18  shows  a  typical  computer  model 
which  we  used. 

cover  pHte 

j  ciplocive 
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Fig.  18. 
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The  thresholds  corresponding  to  a  bare  ex¬ 
plosive  charge  and  a  2  mm  or  6  mm  cover  plate 
in  tantalum  are  shown  in  Figure  19. 


Fig.  19. 


APPENDIX  1 

Krakatoa  Model  (16).  This  model  has  been 
developed  to  predict  the  detonation  and  to 
describe  the  transient  regime  when  an  explosive 
charge  is  initiated  by  a  shock  wave. 

According  to  the  Z.N.D.  scheme  we  represent 
the  detonation  as  a  shock  followed  by  chemical 
reactions  which  are  expanding  in  a  biphasic  mix¬ 
ture  (non  reacted  explosive  and  detonation  prod¬ 
ucts).  The  chemical  reactions  are  represented  by 
only  one  parameter  which  is  the  decomposition 
rate. 

Physical  Princips 

1)  Rate  law:  the  chemical  reactions  are  initi¬ 
ated  at  certain  detonation  sites.  It  is  assumed 
they  are  points  and  the  reactions  are  propa¬ 
gating  isotropically  at  a  rate  G.  In  this  condi¬ 
tions  analytical  calculations  give  us  for  the  rate 
law: 

“=N0V>  .G.(I~f).l  Ln(l-f)  j  * 

with:-  f  decomposed  explosive  weight  fraction 

-  N0  detonation  sites  per  volume  unit,  it 
is  an  increasing  function  of  the  shock  intensity. 

-  G  radial  speed  of  growth.  For  Nq  and 
G  we  choose  arbitrarily  analytic  ii  expressions 
which  are: 

-Nov,~A.exp(I/Ia),  I  is  a  function  which 
depends  on  the  shock  strength. 


-  G=pb 

A,  la  and  b  are  3  coefficients  which  depend  on 
the  explosive  composition. 

2) Biphasic  zone:  we  assume  the  following 
identities:  (subscript  s  is  for  solid  explosive  and 
subscript  g  is  for  the  detonation  gases) 

-  pressure:  P=Ps=Pg 

-  specific  volume:  V=(l— f).Vs+f.Vg 

-  internal  energy  e=(l— f).es+f.eg 

es  (Ps,Vs)  is  a  Mie  Gruneisen  E.O.S.  calibrated 
on  the  Hugoniot 
eg  (Pg.Vg)  is  a  J.W.L.  E.O.S. 

Wf  assume  we  have  an  isen tropic  decomposi¬ 
tion  of  the  explosive  and  so  es  (Ps,Vs)=es  (Vs). 

3)  Computations:  in  our  computations  I  is  the 
work  of  the  non  reversing  strengths  after  that 
the  shock  has  passed.  The  3  coefficients  A,  la 
and  b  are  determined  by  computing  the  run  to 
detonation  and  the  excess  transit  time  as  a  func¬ 
tion  of  the  shock  pressure  with  a  1DL 
hydrodynamic  code.  The  reactions  start  when 
the  shock  has  passed  in  the  cell,  as  it  is  shown 
in  the  Figure  20. 


ri  i  Initial  pnumt 
Pi  i  {iitai  pituuxt 
q  i  ptvda  vUcotiiy 

Fig.  20. 
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DISCUSSION 

J.  E.  KENNEDY,  Sandia  National 
Laboratories 

The  shock  amplitude  and  waveform  which  you 
compute  to  be  transmitted  through  the  brass 
gap  material  may  be  quite  sensitive  to  your 
assumptions  concerning  the  strength  of  the 
brass.  Did  you  find  it  in  your  calculations? 

REPLY  BY  J.  VANPOPERYNGHE 

In  previous  one  dimensional  computations 
with  the  same  elastic-plastic  model  we  find  the 
shock  transmitted  through  a  material  is  little 
dependent  on  the  shock  strength.  In  the  com¬ 
putations  which  have  been  presented  in  this 
symposium  we  don’t  study  the  influence  of  the 
materials  constants  (yield  strength,  shear 
modulus  . . . ). 

DISCUSSION 

J.  E.  KENNEDY,  Sandia  National 
Laboratories 

Have  you  experimentally  confirmed  the  shape 
of  the  shock  waveform  history  predicted  in  your 
calculations. 

REPLY  BY  J.  VANPOPERYNGHE 

No,  we  haven’t  confirmed  experimentally  the 
pressure  history  at  the  interface  donor-gap.  Such 
confirmation  has  only  been  made  with  manganin 
gauges  in  your  laboratory  for  a  100  mm  diameter 
charge  of  comp.  XI  with  PMMA  brass. 

DISCUSSION 
MANFRED  HELD,  MBB 

Have  you  calculated  the  energy  density  /  pu 
dt  in  ycur  gap  test  and  how  these  values  fit  your 
experimental  values  of  energy  density  with  your 
flying  plate  in  fail  tests? 

REPLY  BY  J.  VANPOPERYNGHE 

We  don’t  compute  the  energy  density  which 
you  define.  We  will  do  It  in  further  computations. 
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THE  EFFECT  OF  RDX  PARTICLE  SIZE  ON  THE  SHOCK  SENSITIVITY 
OF  CAST  PBX  FORMULATIONS 
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Two  special  monomodal  RDX/polyurethane  cast  PBX  formulations 
have  been  used  in  a  series  of  experiments  designed  to  provide  infor¬ 
mation  on  the  effect  of  explosive  particle  size  on  shock  sensitivity. 
The  formulations  contained  70%  by  weight  RDX  (either  6  pm  or  134 
(. tm  median  particle  size)  and  30%  by  weight  polyurethane.  The  shock- 
to-detonation  behavior  of  these  formulations  was  measured  in  thin 
plate  impact,  projectile  impact  and  wedge  tests.  The  formulation  con¬ 
taining  the  fine  RDX  was  significantly  less  sensitive  than  that  with 
the  coarse  RDX.  In  contrast,  the  detonation  failure  diameter  of  the 
coarse  RDX  formulation  was  much  larger  than  that  for  the  fine.  The 
experiments  were  modeled  with  a  three-term  ignition  and  growth 
model  The  results  indicate  that  at  the  same  shock  input  pressure 
(in  the  range  of  4  GPa  to  6  GPa)  there  are  at  least  an  order  of 
magnitude  more  ignition  sites  in  the  formulation  containing  the 
coarse  RDX,  but  that  the  growth  rates  are  about  the  same  for  the 
two  formulations. 


INTRODUCTION 

High  energy  explosives  such  as  RDX  and 
HMX  are  too  sensitive  to  accidental  ignition  to 
be  used  in  the  pure  form  in  ammunition.  These 
materials  have  been  desensitized  over  the  years 
by  a  variety  of  additives.  The  safety  and  vul¬ 
nerability  of  the  resultant  formulation  is  in¬ 
fluenced  not  only  by  the  additive  but  also  by 
the  particle  size  of  the  crystalline  explosive. 
Since  particle  size  is  an  important  variable  used 
by  formulators  to  maximize  energy  and  ease  of 
processing  it  is  important  to  know  how  this 
parameter  effects  sensitivity.  Thus,  a  major  pro¬ 
gram  has  been  undertaken  to  elucidate  the  role 
particle  size  plays  in  determining  shock 
sensitivity. 


To  minimize  the  effect  of  other  factors  that 
contribute  to  shock  sensitivity,  two  special 
RDX/polyurethane  formulations  were  prepared. 
Both  contained  70%  by  weight  RDX  (one  with 
6  pm  RDX,  the  other  with  134  pm  RDX).  These 
PBX  formulations  were  carefully  prepared  and 
cast  to  >99.9%  theoretical  maximum  density  to 
insure  essentially  no  voids.  This  hopefully  elim¬ 
inates  void  collapse  as  an  initiation  mechanism. 

To  date,  the  shock-to-detonation  (SDT)  behav¬ 
ior  of  these  formulations  has  been  measured 


*  Work  performed  under  the  auspices  of  the 
U.S.  Department  of  Energy  by  the  Lawrence 
Livermore  National  Laboratory  under  contract 
No.  W-7405-ENG-48. 
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TABLE  1 

Monomodal  Cast  PBX  Formulations 


WEIGHT 

PERCENT 

VOLUME 

PERCENT 

LOADING 

DENSITY 

(g/cm3) 

MEDIAN 

RDX 

PARTICLE 

SIZE 

(gm) 

BET 

SPECIFIC 

SURFACE 

AREA 

(m2/g) 

FINE  RDX 

RDX 

70.00 

• 

FORMULATION 

Polyurethane 

29.30 

SySiil . 

1.44 

6 

1.53 

Graphite 

0.70 

0.40 

COARSE  RDX 

RDX 

70.00 

■ 

FORMULATION 

Polyurethane 

29.65 

1.44 

134 

0.08 

Graphite 

0.35 

in  thin  plate  impact,  projectile  impact  and 
wedge  tests.  The  detonation  velocity  as  a  func¬ 
tion  of  charge  diameter  has  also  been  investi¬ 
gated.  The  experiments  have  been  computer 
simulated  using  ignition  and  growth  models  (1, 
2).  This  paper  describes  the  formulations  and 
presents  the  experimental  results  and 
interpretation. 

CAST  PBX  FORMULATIONS 

The  cast  PBX  formulations  contained  crystal¬ 
line  RDX,  polyurethane  as  a  binder  and  a  small 
amount  of  graphite  coating  on  the  RDX  to 
facilitate  safe  handling  of  the  dry  RDX  prior  to 
mixing.  Composition,  density  and  average  par¬ 
ticle  characteristics  are  presented  in  Table  1. 
The  size  distribution  for  fine  RDX  (batch 
#48/52)  and  coarse  RDX  (batch  #303/81)  are 
given  in  Table  2.  Photomicrographs  of  both  the 
fine  and  coarse  RDX  are  presented  in  Figs.  1 
and  2. 

The  formulations  are  made  by  mixing  the 
graphite  coated  RDX  with  pre-polymer  in  a 
horizontal  two  blade  mixer.  The  spacing  be¬ 
tween  the  blades  and  the  mixer  surface  is  about 
one  mm.  After  mixing  under  vacuum  the  paste 
is  cast  into  a  metal  mold  at  atmospheric 
pressure.  The  viscosity  of  the  formulation  with 
fine  RDX  is  80,000  poises  (@80°C)  while  that 
with  the  coarse  is  only  6,000  poises  (@40°C). 
Because  of  this  the  plastic  binder  for  the  coarse 
formulation  is  partially  cross-linked  prior  to 
mixing  in  order  to  prevent  segregation  during 
the  curing  process.  After  casting,  the  mold  is 
vibrated  under  vacuum  to  deareate  the  paste. 


Parts  are  cured  for  seven  days  at  temper¬ 
atures  of  80  °C  for  the  fine  formulation  and  40  °C 
for  the  coarse.  Radiographs  are  taken  of  the 
cured  parts  and  their  densities  are  determined 
by  the  immersion  method.  The  above  procedure 
produces  high  quality  parts  with  minimum 


TABLE  2 

RDX  Particle  Size  Distribution 


PARTICLE 

DIAMETER  FINE  COARSE 

{m  _ (%)  (%) 


<1.5 

1.2 

1.5  -  2.4 

1.4 

2.4  -  3.0 

2.6 

3.0-  3.8 

6.9 

3.8  -  4.8 

12.5 

4.8  -  6.0 

18.8 

6.0  -  7.5 

22.6 

7.5  -  9.5 

18.8 

9.5  -  12.0 

8.4 

12.0  -  19.0 

4.2 

619.0 

2.6 

©26 

2.4 

26  -  41 

2.3 

41  -  65 

2.6 

65  -  103 

8.2 

103  -  130 

30.3 

130  -  164 

43.0 

164  -  206 

10.5 

6206 

903 
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void  content.  It  has  also  been  shown  in  previous 
work  with  both  the  fine  and  coarse  RDX  that  the 
RDX  particle  size  and  shape  are  not  changed  dur¬ 
ing  processing. 

EXPERIMENTAL  RESULTS 

Short  Duration  Plane  Shock  Wave  Experiments 

The  response  of  both  the  fine  and  coarse  RDX 
formulations  to  short  duration  shocks  was 
measured  using  explosively  propelled  thin  plates 
(3).  The  plate,  varying  in  thickness  from  1  mm 
to  5  mm,  impacted  explosive  samples  63  mm  in 
diameter  and  60  mm  long.  Flyer  plate  velocity 
and  planarity  at  impact  were  measured  using 
flash  x-ray  double  exposures.  Ionization  probes 
on  the  explosive  sample  measured  the  shock 
transit  time.  This  time  was  used  to  determine  if 
SDT  had  occurred.  Results  are  summarized  in 
Table  3,  Table  4  and  Fig,  3.  The  fine  RDX  for¬ 
mulation  is  considerably  less  sensitive  than  the 
coarse.  At  a  pressure  pulse  duration  of  1.5  psec 
its  critical  energy  fluence  is  twice  that  of  the 
coarse  (1000  J/em2  vs.  500  J/cm2). 


Fig.  2.  Coarse  RDX  Crystals 


P 


Fig.  3.  Input  pressure  vs.  pulse  duration  for  fine 
and  coarse  RDX  formulations.  Solid  points  in¬ 
dicate  detonation  Numbers  next  to  the  points  are 
critical  energy  fluence  Ip-u-t). 
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TABLE  3 

Thin  Plate  Experiments  with 
Fine  RDX  Formulation 


PLATE  PLATE  VELOCITY 
(mm  /  psec) 

2.280 

Detonation 

2.025 

Detonation 

1  mm  Al 

1.910 

No  Detonation 

1.560 

No  Detonation 

1.490 

No  Detonation 

1.525 

Detonation 

4  mm  Al 

1.400 

No  Detonation 

1.250 

No  Detonation 

1.075 

No  Detonation 

4  mm  Steel 

0.086 

No  Detonation 

Wedge  Test  Experiments 

The  experimental  set-up  for  the  wedge  tests  is 
shown  in  Fig.  4  The  explosive  sample  with  a  20° 
wedge  angle  is  bonded  to  a  6  mm  thick  aluminum 
plate.  A  sustained  pressure  pulse  is  obtained  by 
explosively  propelling  an  8  mm  thick  aluminum 
plate  against  the  aluminum/explosive  target. 
Light  from  argon  flash  bombs  is  reflected  from 
the  explosive  surface  into  a  streak  camera.  The 
light  intensity  decreases  markedly  when  the 
shock  reaches  the  surface  of  the  explosive  wedge. 


Fig.  4.  Wedge  test  configuration  (1)  explosive 
wedge;  (2)  line  wave  generator;  (3)  flyer  plate;  (4) 
propelling  explosive;  (5)  argon  light  bombs;  (6) 
direction  of  streak  cameras 


TABLE  4 

Thin  Plate  Experiments  with 
Coarse  RDX  Formation 


PLATE 

PLATE 

VELOCITY 

mm/psec) 

1.910 

Detonation 

1.750 

Detonation 

1  mm  Al 

1.725 

Detonation 

1  *30 

No  Detonation 

4  mm  Al 

1.110 

Detonation 

0.960 

No  Detonation 

Figure  5  shows  side-by-side  the  streak  records 
obtained  from  experiments  when  fine  and  coarse 
RDX  formulations  were  impacted  at  the  same 
flyer  velocity  (1.50  mm/psec).  By  taking  into  ac¬ 
count  camera  writing  speed  and  magnification 
and  correcting  for  any  residual  flyer  plate  obliq¬ 
uity  at  impact  one  can  reconstruct  the  space- 
time  diagram  for  shock  wave  propagation  in  the 
explosive  sample  (4).  See  Fig.  6.  The  fine  RDX 
formulation  both  takes  longer  and  has  a  sharper 
transition  to  detonation. 


Fig.  5.  Wedge  test  streak  camera  records  for 
fine  (left)  and  coarse  (right)  RDX  explosives. 
Aluminum  flyer  velocities  were  both  1.50 
mmJg  sec. 
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TABLE  5 

Detonation  Velocity  vs.  Charge  Diameter 


CHARGE 
DIMENSIONS 
DIAM.  LENG. 
(mm)  (mm) 

DETONATION  VELOCITY 
(mm/ftsec)* 

FINE  RDX  COARSE  RDX 
FORMULATION  FORMULATION 

lf0  =  1.45  g/cm3)  ir0  =  1.45  g/cm3) 

50  325 

30  250 

20  200 

15  200 

10  200 

7.44  7.39 

7.42  7.22 

7.41  6.84 

7.38  Failed 

7.37 

*  Measured  over  the  last  50%  in  length  of  the  charge. 


(20  mm  diameter)  into  a  detonation  chamber 
through  an  orifice.  The  explosive  samples  in  the 
chamber  were  2  meters  from  the  muzzle,  thus 
eliminating  the  effect  of  muzzle  blast  on  the 
samples  during  the  experiment.  A  Cranz-Schar- 
din  camera  was  used  to  verify  this.  Double  expo¬ 
sure  flash  radiography  was  used  to  measure  pro¬ 
jectile  velocity  and  monitor  projectile  orientation. 
Shock  transit  times  were  measured  using  ioniza¬ 
tion  probes  to  determine  if  SDT  had  occurred. 

The  fine  RDX  formulation  is  significantly  less 
sensitive  than  the  coarse. 

TABLE  6 

Steel  Projectile  Impact  Experiments 


as  a  function  of  1/R  in  Fig.  9.  The  behavior  of 
the  fine  RDX  formulation  is  similar  to  that 
observed  for  liquids.  The  coarse,  however, 
resembles  that  of  a  pressed  PBX. 

Small  Cylindrical  Projectile  Impact 
Experiments 

A  series  of  experiments  were  carried  out  in 
which  small  cylindrical  steel  projectiles  were  im¬ 
pacted  onto  50  mm  diameter  —  40  mm  thick  ex¬ 
plosive  samples.  The  results  are  presented  in  Fig. 
10  and  Table  6. 

In  these  experiments  steel  flat-nosed  projec¬ 
tiles  wer--'  launched  from  a  small  powder  gun 


2000A 


V[m/s] 


PROJECTILE  PROJECTILE 
DIMENSIONS  VELOCITY 
(mm/gsec) 

COARSE  RDX 
FORMULATION 

1.261  Detonation 

1.228  Detonation 

D=  15  mm 

L  =  20  mm  1  188  No  Detonation 

1.130  No  Detonation 

1.316  Detonation 

I)  =  20  mm  1.205  Detonation 

L  =  27  mm  1.133  Detonation 

1.052  No  Detonation 

FINE  RDX 
FORMULATION 

1.440  Detonation 

1.408  Detonation 

D  --  15  mm 

L  =  20  mm  1.378  No  Detonation 

1.350  No  Detonation 

D  =  20  mm  1.350  Detonation 

L  -  27  mm 

1.240  No  Detonation 
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Fig  10.  Critical  SDT  impact  velocities  for  blunt- 
nosed  steel  cylinders 


Hugoniot  Experiments 

The  small  powder  gun  was  also  used  to  check 
the  non-reactive  Hugoniot  used  in  computer 
simulations  of  the  SDT  experiments.  The  ex¬ 
perimental  geometry  is  shown  in  Fig.  11.  A  20 
mm  diameter  aluminum  projectile  is  used  to  im¬ 
pact  the  target  assembly.  The  target  is  placed 
at  the  gun  muzzle  and  the  surrounding  volume 
is  evacuated.  PVF2  gauges  (5)  are  used  to 
measure  the  shock  transit  time  across  a  known 
thickness  of  explosive.  The  results  are  presented 
in  Table  7.  The  experimental  transit  times  agree 
very  well  with  those  calculated  using  the  JWL 
non-reactive  equation  of  state  presented  in  the 
next  section. 
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TABLE  5 

Detonation  Velocity  vs.  Charge  Diameter 


CHARGE 
DIMENSIONS 
DIAM.  LENG. 
(mm)  (mm) 

DETONATION  VELOCITY 
(mm/gsec)* 

FINE  RDX  COARSE  RDX 
FORMULATION  FORMULATION 

(f0  =  1.45  g/cm3)  if0  =  1.45  g/cm3) 

50  325 

30  250 

20  200 

15  200 

10  200 

7.44  7.39 

7.42  7.22 

7.41  6.84 

7.38  Failed 

7.37 

*  Measured  over  the  last  50%  in  length  of  the  charge. 


as  a  function  of  1/R  in  Fig.  9.  The  behavior  of 
the  fine  RDX  formulation  is  similar  to  that 
observed  for  liquids.  The  coarse,  however, 
resembles  that  of  a  pressed  PBX. 

Small  Cylindrical  Projectile  Impact 
Experiments 

A  series  of  experiments  were  carried  out  in 
which  small  cylindrical  steel  projectiles  were  im¬ 
pacted  onto  50  mm  diameter  —  40  mm  thick  ex¬ 
plosive  samples.  The  results  are  presented  in  Fig. 
10  and  Table  6. 

In  these  experiments  steel  flat-nosed  projec¬ 
tiles  wor--  launched  from  a  small  powder  gun 
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Fig  10.  Critical  SDT  impact  velocities  for  blunt- 
nosed  steel  cylinders 


(20  mm  diameter)  into  a  detonation  chamber 
through  an  orifice.  The  explosive  samples  in  the 
chamber  were  2  meters  from  the  muzzle,  thus 
eliminating  the  effect  of  muzzle  blast  on  the 
samples  during  the  experiment.  A  Cranz-Schar- 
din  camera  was  used  to  verify  this.  Double  expo¬ 
sure  flash  radiography  was  used  to  measure  pro¬ 
jectile  velocity  and  monitor  projectile  orientation. 
Shock  transit  times  were  measured  using  ioniza¬ 
tion  probes  to  determine  if  SDT  had  occurred. 

The  fine  RDX  formulation  is  significantly  less 
sensitive  than  the  coarse. 

TABLE  6 

Steel  Projectile  Impact  Experiments 


PROJECTILE  PROJECTILE 
DIMENSIONS  VELOCITY 
(mm/fisec) 

COARSE  RDX 
FORMULATION 

1.261  Detonation 

1.228  Detonation 

D=  15  mm 

L  =  20  mm  1  188  No  Detonation 

1.130  No  Detonation 

1.316  Detonation 

I)  =  20  mm  1.205  Detonation 

L  =  27  mm  1.133  Detonation 

1.052  No  Detonation 

FINE  RDX 
FORMULATION 

1.440  Detonation 

1  408  Detonation 

D  --  15  mm 

L  =  20  mm  1.378  No  Detonation 

1.350  No  Detonation 

D  =  20  mm  1.350  Detonation 

L  -  27  mm 

1.240  No  Detonation 

Hugoniot  Experiments 

The  small  powder  gun  was  also  used  to  check 
the  non-reactive  Hugoniot  used  in  computer 
simulations  of  the  SDT  experiments.  The  ex¬ 
perimental  geometry  is  shown  in  Fig.  11.  A  20 
mm  diameter  aluminum  projectile  is  used  to  im¬ 
pact  the  target  assembly.  The  target  is  placed 
at  the  gun  muzzle  and  the  surrounding  volume 
is  evacuated.  PVF2  gauges  (5)  are  used  to 
measure  the  shock  transit  time  across  a  known 
thickness  of  explosive.  The  results  are  presented 
in  Table  7.  The  experimental  transit  times  agree 
very  well  with  those  calculated  using  the  JWL 
non-reactive  equation  of  state  presented  in  the 
next  section. 
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TABLE  7 

Non-Reactive  Hugoniot  Experiments 


ALUMINUM 

PROJECTILE 

VELOCITY 

(nun/f/sec) 

EXPERIMENTAL 

EXPLOSIVE 

THICKNESS 

(nun) 

EXPERIMENTAL 

TRANSIT 

TIME 

lusec) 

CALCULATED*  | 

TRANSIT 

TIME 

(Msec) 

PRESSURE 

(GPa) 

PARTICLE 

VELOCITY 

(mm/fisec) 

4.080 

1.105 

4.05 

H 

FINE  RDX 

1.312 

3.980 

0.965 

1 

5.85 

FORMULATION 

0.925 

7.15 

1.518 

4.100 

0.940 

7.20 

1.14 

COARSE  RDX 

mm 

4.040 

1 

4.20 

0.78 

FORMULATION 

mm 

4.010 

5.70 

*  Peculated  using  the  JWL  non-reactive  Hugoniot  constants  presented  in  this  paper. 


INTERPRETATION 

The  experimental  results  presented  in  this 
paper  have  been  interpreted  using  a  three  term 
ignition  and  growth  model  that  has  accurately 
reproduced  the  large  body  of  experimental 
results  available  for  PBX-9404  and  LX-17  (HMX 
and  TATB  containing  explosives  respectively  (2). 
The  general  form  of  the  reaction  rate  used  in  this 
model  is  given  by  Eq.  1. 

=  1  (1-f)a  <-fi —  1  —  b)*  +  G.U-F)CF(1  Py 
dt  Qo 

+  G2  (l-F)°FfPc  (i) 

F  is  the  fraction  of  explosive  reacted.  P  is 
pressure,  q  is  explosive  density.  For  a  detailed 
discussion  of  the  form  and  the  effect  of  the  other 
constants  see  Ref.  2.  The  JWL  equation  of  state 
is  used  for  both  unreacted  explosive  and  ex¬ 
plosive  products  in  this  model  (6). 


/  - 1 - 

OkiUmm'  itflMm  (fMf 


Fig.  11.  Experimental  geometry  to  determine  the 
non-reactive  Hugoniot 


The  procedure  followed  for  computer  simula¬ 
tion  of  the  experiments  was  to  first  estimate 
coefficients  for  the  two  JWL  equations  of  state. 
Using  these,  the  coefficients  in  the  reaction  rate 
equation  were  varied  until  the  computer  simula¬ 
tion  and  experimental  wedge  test  results  agreed. 
The  model  was  then  used  to  calculate  the  results 
for  the  thin  plate,  projectile  impact  and  detona¬ 
tion  velocity  vs.  diameter  experiments.  The 
variation  in  ignition  and  growth  parameters  ob¬ 
tained  for  the  fine  and  coarse  RDX  formulations 
was  examined  to  gain  insight  into  the  cause  of 
the  different  SDT  behavior  of  these  two 
explosives. 

Equations  of  State 

Shock  vek  ^city -par tide  velocity  data  exist  for 
mock  explosives  905-03  and  900-10  and  Melmac 
(7).  One  can  also  use  the  method  of  Torvik  (8)  to 
estimate  at  low  pressures  the  Hugoniot  of  a  mix¬ 
ture  of  RDX  and  Adiprene  rubber  with  the  same 
composition  as  the  RDX  formulations  of  in¬ 
terest.  The  JWL  constants  for  the  unreacted  ex¬ 
plosive  presented  in  Table  8  are  consistent  with 
these  data  and  produce  a  von  Neumann  spike 
pressure  of  1.5  times  the  Chapman-Jouguet 
pressure. 

The  product  JWL  equation  of  state  was 
estimated  as  follows.  The  measured  explosive 
density  and  detonation  velocity  were  combined 
with  an  estimated  gamma  of  2.8  to  fix  the 
Chapman-Jouguet  pressure  at  21  GPa.  The  E0 
was  estimated  assuming  that  for  each  one 
volume  percent  polyurethane  added  to  pure 
RDX  its  energy  is  reduced  1.1  percent  (9).  The 
values  of  R,  R2,  and  co  were  chosen  to  be 
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similar  to  those  previously  determined  for  a 
variety  of  explosives  (10).  This  resulted  in  the 
constants  listed  in  Table  8  for  the  JWL  products 
equation  of  state. 

Since  the  formulations  differ  only  in  RDX  par¬ 
ticle  size  the  same  constants  were  used  for  both. 


TABLE  8 

JWL  Equation  of  State  Parameters 


JWL 

PARAMETER 

RDX-POLYURETHANE  EXPLOSIVE 

UNREACTED  PRODUCTS 

A  (Mbars) 

B  (Mbars) 

R1 

R2 

CO 

Cv  (Mbars/ °K) 

E  (Mbars-cc/cc) 

83.21  4.512 

-0.03624  0.09769 

9.6  4.5 

0.96  1.15 

1.041  0.30 

2.657  x  10~5  10-5 

7.92  x  10-3  0.05 

Reaction  Rate  Equation 

The  specific  three  term  reaction  rate  equation 
used  for  the  computer  simulations  is  Eq.  2. 

=  lOO(l-F)01  <  0  -  I)'1  +  G1(1-F)0<567F0083P 
dt  1.45 

(2) 

+  2250  (}-F)0.222p0.667p3 

The  first  term  is  an  ignition  term  and  the  model 
permits  one  to  force  this  term  to  zero  after  a 
specified  amount  of  material  has  reacted  (Fwx  ]). 
The  constants  and  values  of  Fmax  |  were  so 
chosen  that  it  contributed  only  in  the  immediate 
region  of  the  shock  front.  The  last  two  terms 
govern  the  growth  of  the  reaction.  The  first  with 
a  pressure  exponent  of  1  maximizes  at  about  ten 
percent  reaction  while  the  second  with  a  pres¬ 
sure  exponent  of  3  maximizes  at  about  seventy 
percent  reaction.  The  model  also  permits  forc¬ 
ing  the  first  growth  term  to  zero  after  a 
specified  amount  of  reaction  (Fmax  G  ). 

Wedge  Test  Calculations 

The  computer  simulations  of  the  wedge  test 
were  done  using  a  1 D  hydrodynamic  code.  Com¬ 
parison  of  calculated  vs.  experimental  shock 
distance-time  data  was  used  to  assess  how  well 
the  calculation  reproduced  the  experimental 
results.  This  procedure  is  a  more  stringent  test 


than  merely  comparing  distances  or  times  to 
detonation  (Pop  plots). 

Initial  screening  calculations  using  only  an  ig¬ 
nition  term  and  one  growth  term  showed  that 
the  fine  and  coarse  RDX  formulations  differed 
most  in  their  early  time  reaction  behavior. 
Because  of  this  the  constant  G2  in  Eq.  1  was 
fixed  at  2250  and  only  Glt  Fmax  j  and  Fmax 
were  varied  to  fit  the  experimental  data. 

The  data  from  four  wedge  tests  with  input 
pressures  in  the  5  GPa  to  9  GPa  range  were 
used  to  determine  the  rate  parameters  for  the 
fine  RDX  formulation.  It  was  hoped  that  a 
unique  set  of  G1(  Fmax  i  and  Fmax  Gl  could  be 
found  that  would  reproduce  the  data  for  all  the 
experiments.  Approximate  agreement  was 
found  with  G!  =  0.4,  Fmax  i  =  0.002  and  Fmax 
Gj  =  0.20.  However,  in  order  to  obtain  the 
agreement  between  calculations  and  experi¬ 
ments  shown  in  Fig.  12,  it  was  necessary  to 
slightly  increase  the  contribution  of  the  first 
growth  term  with  input  pressure.  The  values 
used  are  presented  in  Table  9. 

The  data  from  three  wedge  tests  were  used 
to  determine  the  rate  parameters  for  the  coarse 
RDX  formulation.  Again  an  attempt  was  made 
to  find  a  unique  set  of  values  for  G,,  and  Fmax  j 
and  F,nox  Gj  that  would  reproduce  the  ex¬ 
perimental  data.  This  was  not  possible.  In  fact, 


Pig.  12.  Comparison  of  experimental  and 
calculated  wedge  test  data  for  fine  RDX  for¬ 
mulation.  Solid  points  are  experimental  results. 
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TABLE  9 

Rate  Parameters  for  RDX  Formulations 
from  Wedge  Test  Data 


ALUMINUM 

IMPACT 

VELOCITY 

(mm/psec) 

^max  I 

®1 

^max  Gj 

: 

1.274 

.002 

0.3 

0.2 

FINE  RDX 

1.498 

.002 

0.4 

0.2 

FORMULATION 

1.700 

.002 

0.5 

0.2 

1.926 

.002 

0.6 

0.2 

1.338 

.05 

0.5 

0.5 

COARSE  RDX 

1.510 

.09 

1.5 

0.5 

FORMULATION 

1.810 

.13 

13.0 

0.5 

it  was  necessary  to  vary  both  Gj  and  Fmax  ;  to 
obtain  the  agreement  shown  in  Fig.  13.  The 
values  used  are  presented  in  Table  9. 

The  major  difference  in  the  two  formulations 
is  that  only  about  .2  percent  of  the  fine  RDX  is 
reacted  near  the  shock  front  wheteas  5  percent 
or  more  of  the  coarse  is  reacted.  Also,  for  the 
coarse  formulation  the  amount  reacted  near  the 
shock  front  and  the  growth  rate  increase 
significantly  as  the  input  pressure  is  increased 
above  6  GPa. 


Calculations  for  the  Other  Experiments 

The  reaction  rate  parameters  obtained  from  the 
wedge  test  calculations  were  used  in  computer 


/  13.  Comparison  of  experimental  and 

calculated  wedge  test  data  for  coarse  RDX  for¬ 
mulation.  Solid  points  are  experimental  results 


simulations  of  the  other  experiments  reported 
above.  Good  agreement  was  obtained  for  all  the 
thin  plate  experiments  except  the  1  mm  plate  im¬ 
pacting  the  fine  RDX  formulation.  See  Table  10. 
In  order  to  obtain  agreement  with  experiment  the 
amount  of  RDX  ignited  in  the  calculation  had  to 
be  increased  from  0.2  percent  to  6  percent.  Tarver 
(2)  has  observed  similar  behavior  when  simulating 
thin  pulse  initiation  of  pressed  PBX. 

The  4  mm  experiments  were  calculated  using 
a  2D  hydrodynamic  finite  element  code.  When 
failure  of  detonation  occurred  it  was  due  to  the 
errosion  of  the  pressure  on  the  charge  axis  by 
sideways  rarefaction.  Figure  14  presents  pressure 
contours  for  the  coarse  RDX  formulation  7  psecs 
after  being  impacted  by  a  4  mm  aluminum  plate 
with  velocity  of  .96  mm/psec.  As  in  the  experi¬ 
ment  SDT  does  not  occur. 


TABLE  10 

Calculated  Results  for  Thin  Plate  Experiments 


PLATE  CALCULATED 
VELOCITY  RESULTS 

1  mm  thick 
A1  plate 

2.025  No  detonation* 

FINE  RDX 

FORMULATION  1.910  No  detonaUon 

1.725  Detonation 

~8mm  in'o 

COARSE  RDX  explosive 

FORMULATION  p 

1  530  No  detonation 

4  mm  thick 
A)  plate 

1.525  Detonation 

FINE  RDX  Ml  mm  into 

FORMUUTION  explosive 

1.400  No  detonation 

1.110  Detonation 

COARSE  RDX  MM  mm  into 

FORMULATION  explosive 

0.960  No  detonation 

*  All  but  this  calculation  agreed  with  the 
experimental  results. 

2D  calculations  were  done  for  both  a  15-mm 
and  20-min  diameter  steel  projectile  impacting  the 
coarse  RDX  formulation  at  a  velocity  of  1.13 
mm/psec.  Results  are  presented  in  Table  11.  Com¬ 
paring  the  resulto  in  Fig.  15  and  Fig.  16  shows 
that  the  smaller  diameter  projectile  allows 
rarefactions  to  reduce  the  pressure  sufficiently  to 
prevent  transition  to  detonation. 

The  2D  code  was  used  to  investigate  the 
detonation  failure  diameter  of  both  the  fine  and 


910 


Fig.  14.  Pressure  contours  in  coarse  RDX  ex¬ 
plosive  7  psec  after  impact  by  4-mm  thick  Al  plate 
with  velocity  of  0.96  mm/psecs.  Pressures  are  in 
megabars.  SDT  does  not  occur. 

coarse  RDX  formulations.  The  ignition  and 
growth  parameters  obtained  from  the  initiation 
experiments  do  not  predict  that  the  fine  RDX  for¬ 
mulation  has  a  smaller  failure  diameter  than  the 
coarse.  A  much  larger  fraction  of  the  fine  RDX 
must  be  ignited  at  high  pressure  for  this  to  occur. 


TABLE  11 

Calculated  Results  for  Steel  Projectile 
Impact  Experiments 


PROJECTILE 

VELOCITY 

Imm'fisocl 

PROJECTILE 

DIMENSIONS 

CALCULATED 

RESULT* 

1  133 

I) =20  nun 

Detonation 

COARSE  RDX 

L=27  mm 

~30  mm  into 

FORMULATION 

explosive 

1.130 

D=l.r)  mm 

No  detonation 

L=20  mm 

*  Both  agreed  with  experiment. 

CONCLUSIONS 


An  ignition  and  growth  model  has  been  used 
to  simulate  the  SDT  experiments  involving  fine 
and  coarse  RDX  formulations.  The  values  of  the 
parameters  required  in  the  model  to  fit  the  ex¬ 
perimental  data  provide  insight  into  the  different 
response  of  these  two  explosives. 


Table  12  summarizes  the  ignitior  and  growth 
characteristics  as  a  function  of  input  pressure  in 


the  range  4  GPa  to  9  GPa.  About  0.2  percent  of 
the  RDX  in  the  fine  formulation  is  ignited  by  the 
shock.  At  low  pressure  5  percent  of  the  coarse 
RDX  is  ignited.  The  ratio  of  these  amounts  is  ap¬ 
proximately  that  of  the  ratio  of  the  particle  sizes 
of  the  RDX. 


TABLE  12 

Calculated  Ignition  and  Growth  Behavior 


APPROXIMATE 
AMOUNT  IGNITED 

AVERAGE 
RELATIVE 
GROWTH  RATE 
TO  50%  REACTED 

INPUT 

PRESSURE 

FINE 

RDX 

COARSE 

RDX 

FINE 

RDX 

COARSE 

RDX 

4  GPA 

0.2% 

5% 

1.0 

1.1 

6  GPa 

0.2% 

5% 

1* 

1.1 

7  Gpa 

0.2% 

7% 

1.0 

1.3 

9  GPa 

0.2% 

13% 

1.0 

2.5 

*  Reference  average  growth  rate.  This  growth  rate 
varies  from  M).l  psec~'  at  10%  reacted  to  MJ.7  psec~i 
at  50%  reacted. 


Fig.  15.  Pressure  contours  in  megabars  for20-mm 
steel  projectile  impacting  the  coarse  RDX  formula¬ 
tion  SDT  has  occurred 

The  reaction  growth  rates  for  the  line  RDX 
formulation  at  input  pressures  up  to  9  GPa  and 
the  coarse  RDX  formulation  at  input  pressures  up 
to  6  GPa  are  very  similar.  These  average  relative 
growth  rates  were  calculated  using  the  parameters 


r 


listed  in  Table  9  for  the  first  fifty  percent  of 
reaction  and  pressures  ranging  from  input 
pressure  to  input  pressure  plus  2  GPa. 

Above  6  GPa  input  pressure  both  the  amount 
ignited  and  the  growth  rate  increased  for  the 
coarse  RDX  formulation.  Fracturing  of  the 
coarse  RDX  crystals  could  be  a  possible  reason 
for  this,  but  additional  experiments  would  be 
required  to  elucidate  any  such  postulated 
mechanism. 

Simulation  of  the  thinnest  pressure  pulse  ex¬ 
periments  and  detonation  velocity  vs.  diameter 
behavior  indicate  a  crossover  in  sensitivity  of 
the  fine  and  coarse  RDX  formulations  at  high 
pressure.  Additional  experiments  are  required 
before  one  can  pin  point  the  reason  for  this. 
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DISCUSSION 

HOWARD  CADY,  Los  Alamos 

Is  the  fine  RDX  used  in  this  study  manufac¬ 
tured  by  grinding  the  coarse  RDX? 

REPLY  BY  H.  MOULARD 

No.  The  fine  RDX  is  made  by  a  separate 
recrystallisation  process. 

DISCUSSION 

DR.  P.  R.  LEE,  Royal  Ordnance,  U.K. 

Would  you  come  to  comment  on  the  apparent 
opposite  conclusions  you  reach  in  connection 
with  the  relative  shock  sensitivity  of  the  fine  and 
coarse  RDX-based  PBXs? 

REPLY  BY  H.  MOULARD 

A  discrepancy  appears  actually  between  our 
results  and  the  DREV  WORK  (BELLANGER 
et  al.)  presented  at  this  symposium:  formulation 
differences  should  be  the  explanation.  It  is  cer¬ 
tainly  important  to  note  in  our  work  that  a  very 
high  level  of  shock  insensitivity  has  been  ob¬ 
tained  with  ultrafine  RDX  particles  and  no  voids 
formulation  (>99.9%  T.M.D.) 


DISCUSSION 

LOUIS  ZERNOW,  Zernow  Tech. 

Services,  Inc.,  San  Dimas,  CA 

My  question  concerns  your  assumption  that 
porosity  was  eliminated  as  a  variable  by  prepar¬ 
ing  your  samples  with  identical  compositions 
and  identical  densities. 

My  concern  involves  the  question  about  the 
nature  of  the  residual  porosity,  even  though  the 
average  (small)  porosity  is  identical  in  both  the 
fine  grained  and  coarse  grained  samples,  as  in¬ 
dicated  by  their  identical  average  densities. 

I  would  expect  the  pore  size  distribution  to  be 
substantially  different  in  the  fine  grained  and 
coarse  grained  samples,  and  not  necessarily 
uniformly  distributed  within  the  sample. 

Have  you  made  photomicrographic  observa¬ 
tions  of  the  actual  pore  sizes  and  their  size 
distribution  within  the  two  types  of  samples? 

Is  it  possible  that  such  differences  in  the  pore 
size  distribution  (even  for  identical  average 
porosities)  could  affect  the  observed  results? 

REPLY  BY  H.  MOULARD 

We  eliminate  porosity  as  a  variable  because  we 
use  a  casting  technique  giving  essentially  no 
voids  formulations  (>99.9%T.M.D.).  In  this  case, 
ignition  can  be  controlled  concurrently  by  other 
mechanisms  (density  discontinuity,  shear 
banding.) 
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MODELING  1-D  DEFLAGRATION  TO  DETONATION 
TRANSITION  (DDT)  IN  POROUS  EXPLOSIVE 


A.  M.  Weston 
Brobeek  Corp. 
Berkeley,  California 

and 


E.  L.  Lee* 

Lawrence  Livermore  National  Laboratory 
University  of  California 
Livermore,  California 


A  one  dimensional  Lagrange  hydrodynamic  computer  model  is 
presented  that  describes  gas  flow,  compaction,  ignition,  and  deflagra¬ 
tion  processes  in  deformable  porous  beds.  The  model  makes  use  of 
a  consumable  finite  element  cell  that  allows  gas  to  flow  through  a 
compacting  matrix.  The  model  can  be  regarded  as  structural  in  the 
sense  that  the  initial  cell  dimension  is  directly  related  to  mean  parti¬ 
cle  size.  Experimental  investigation  of  the  DDT  phenomenon  are 
typically  carried  out  using  long  thick-walled  tubes  filled  with  a 
granular  porous  bed  of  reactive  material  In  this  configuration,  much 
of  the  process  can  be  desciibed  by  flow  in  one  dimension.  We  will 
present  calculations  that  simulate  both  squib  initiated  and  piston 
initiated  experiments  on  porous  HMX  to  point  our  various  observed 
features.  Our  purpose  is  to  establish  a  basis  for  setting  bounds  on  the 
physical  parameters  that  describe  such  transient  reaction  processes. 


INTRODUCTION 

We  will  present  hydrodynamic  calculations 
which  simulate  deflagration  and  compaction  plug 
formation  in  three  experiments  that  produced 
a  detonation  transition  in  porous  HMX.  The 
three  experiments  involve  (1)  squib  ignited  61% 
Theoretical  Maximum  Density  (TMD)  coarse 
HMX  with  an  average  particle  size  of  1.08  mm 
inside  a  thick  walled  Lexan  tube,(  1 )  (2)  an  impact 
driven  piston  acting  on  62%  TMD  LX-04-1  Grade 
HMX  inside  a  thick  walled  plexiglas  tube,  (2,3), 
and  (3)  a  gas  driven  piston  acting  on  64%  TMD 
class  C  HMX  inside  a  high  strength  steel  tube.(4) 


♦Work  performed  under  the  auspices  of  the  U.S. 
Department  of  Energy  by  the  Lawrence  Liver¬ 
more  National  Laboratory  under  contract  No. 
W-7405-ENG-48. 


Additional  calculations  are  presented  that 
simulate  shock  initiation  run  distance  to  detona¬ 
tion  (RDD)  experiments  (5)  performed  on  65% 
TMD  class  A  HMX. 

Deflagration  and  gas  flow  are  incorporated 
into  a  one  dimensional,  planar,  Lagrange, 
elastic-plastic,  computer  model.  A  finite  dif¬ 
ferenced  thermal  calculation  is  included  within 
each  hydrodynamic  cell  to  treat  heat  transfer 
between  the  gas  and  solid  phase  HMX  and  heat 
flow  in  plastically  deformed  HMX. 

Detailed  temperature  calculations  allow 
explosion  time  data  obtained  on  solid  HMX  to 
be  used  as  a  criterion  to  trigger  the  onset  of 
deflagration. 

We  will  show  that  the  calculations  are  quite 
sensitive  to  variations  for  many  of  the 
parameters  used  in  the  model. 
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CALCULATION  PROCEDURE 

The  three  geometric  models  illustrated  in 
Figure  1  are  helpful  in  visualizing  the  compac¬ 
tion  and  gas  flow  computation  algorithms.  The 
constant  frontal  area  model  (Figure  la) 
represents  the  hydrodynamic  relations.  The 
spherical  pore  model  (Figure  lb)  represents  the 
compaction  equation  of  state  (EOS),  and  the  in¬ 
tersecting  tube  model  (Figure  lc)  represents  the 
gas  flow  equations,  the  gas  to  matrix  heat 
transfer  area  piror  to  ignition,  and  burn  area 
after  ignition. 

Most  hydrodynamic  calculations  proceed  on 
the  basis  of  pressure,  relative  volume,  mass,  and 
energy'.  Explicit  determinations  of  material  tem¬ 
peratures  are  not  necessary.  Here  our  objective 
is  to  apply  thermal  criteria  to  the  onset  of  rapid 
deflagration  and  to  be  able  to  regulate  the  rate 
of  growth  of  reaction  as  a  compaction  plug  is 
formed. 


Fig.  la.  Constant  frontal  area  cell  for  ID 
hydrodynamics 


Fig.  lb.  Spherical  pore  compaction  cell  for 
pressure  vs.  volume 

DEFLAGRATION  CRITERIA 

There  are  40  thermal  zones  in  the  unburned 
material  surface  of  each  cell  for  the  heat  con¬ 
duction  calculation.  This  calculation  includes 
both  heat  transfer  from  the  flowing  gas  and 


Fig.  lc.  Cylindrical  tube  cell  for  gas  flow 

distributed  plastic  work.  A  theoretical  convec¬ 
tive  surface  heat  transfer  coefficient  is  calcu¬ 
lated  that  is  consistent  with  pebble  bed  data, 
(6)  where  porosity  is  high,  and  with  the  flow  of 
air  in  ducts,  where  porosity  is  low.(7)  Calculated 
Reynold’s  numbers  and  Mach  numbers  exhibit 
trubulent  choking  flow  characteristics  where 
compaction  is  occurring. 

The  One-Dimensional  Time  To  Explosion  Ex¬ 
periment  (8)  (ODTX)  measures  the  induction 
time  to  thermal  runaway  when  the  surface  of 
a  sphere  of  full  density  reactive  material  is  sud¬ 
denly  enclosed  by  anvils  preheated  to  a  given 
temperature.  For  explosion  times  that  range 
between  1  and  1000  seconds,  the  results  can  be 
described  as 

mtE  =  i»d  +  -giL.  id 

where  tE  is  the  explosion  time  and  ds  is  the  sur¬ 
face  temperature.  This  data  is  then  extropolated 
several  decades  to  the  microsecond  time  range 
of  our  interest. 

A  trigger  parameter  (R)  was  set  to  an  initial 
value  of  one.  Thereafter, 

R  =  1.  -  f - — -  (2) 

J  Dexp[K/0s(t)J 

where  dt  is  a  time  increment.  Deflagration  is 
assumed  to  begin  when  R  =  0.  Following  this, 
the  advance  of  the  burning  process  along  the 
tube,  that  leads  to  compaction  plug  formation 
prior  to  detonation,  in  controlled  by  the  solid 
matrix  surface  temperature  (0S)  achieved  in  the 
first  cell  for  which  R  became  equal  to  zero.  Also, 
cells  are  ignited  when  gas  pressure  exceeds  0.1 
G  Pa  (1.0  kb)  to  compute  turnover  to  detonation 
using  a  conventional  hydrodynamic  calculation 
procedure,  after  a  plug  has  been  formed. 
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It  was  necessary  to  adjust  the  rising  surface 
temperature  so  that  it  would  trigger  deflagra¬ 
tion  at  a  time  consisent  with  the  experimental 
data.  To  do  this  for  the  squib  ignited  experi¬ 
ment,  the  convective  heat  transfer  coefficient 
was  divided  by  a  constant  (CH  =  5.16).  For  the 
piston  impact  experiment  the  distributed 
plastic  compaction  work  was  multiplied  by  a 
contant  (Cc  =  21.3). 

GAS  LAW 

We  use  the  JWL(9)  EOS  to  produce  realistic 
detonation  performance 

PG  =  Ae-,liv  +  Be-W  — (3) 


In  Eq.  (5),  a  “series”  arrangement  is  assumed 
(for  which  solid  and  gaseous  compressions  are 
additive)  so  that  the  composite  bulk  modulus 
is  less  than  either  of  the  component  bulk 
moduli.  While  Eqs.  (4)  and  (5)  meet  the  same 
limits  when  a  °°  and  a  -*■  1.0,  values  in- 
between  will  greatly  differ. 

BURNING  SURFACE  AREA 

A  cell’s  burn  area  (AB)  is  equal  to  its 
geometric  (Figure  lc)  internal  surface  area  (AG), 
multiplied  by  a  function  of  the  incrementally  ac¬ 
cumulated  plastic  compaction  work  (Pw).  Let 
PWJ  equal  a  critical  value  for  Pw.  PW1  occurs 
when  the  compaction  pressure  reaches  a  critical 
value  (Hc  =  0.035  GPa).  Then, 


where  V  is  the  relative  volume  (1.0  at  100% 
TMD);  Cv  is  the  specific  heat  energy  per  unit 
volume  of  100%  TMD  HMX;  and  A,  B,  R1(  Il2, 
co  are  JWL  EOS  constants  for  100%  TMD 
HMX. 

It  can  be  shown  that  the  3rd  term  of  the  JWL 
EOS  (Eq.  3)  is  equivalent  to  the  ideal  gas  EOS. 

BULK  MODULUS 

The  calculation  procedure  for  composite  gas 
phase  plus  solid  phase  bulk  modulus  assumes 
that  the  solid  phase  bulk  compaction  is  in 
“parallel''  with  the  gas  phase  bulk  compression 
so  that  the  resisting  component  bulk  moduli  are 
additive, 

K  =  — +  ”(<*-l)  ;  Kg  =  -V~§  (4) 

a  a  dV 


AB  =  AG  x  Nj,  for  Pw  <  PW1  and  (6) 

Ab  ~  AG  x  (N,  +  N2  x  for  Pw  >  PW1 

MV1 

When  deflagration  has  proceeded  to  a  point 
where  the  hole  dimension  equals  the  cell  dimen¬ 
sion,  the  bum  area  (AB)  is  geometrically  related 
to  the  corner  shape  and  the  unburned  fraction. 

The  incremental  decrease  in  the  solid  materia! 
volume  (dV)  is  the  product  of  the  time  increment 
(dT),  the  burn  area  (AB),  and  the  experimental¬ 
ly  determined  gas  pressure  dependent  regres¬ 
sion  rate  for  solid  HMX(IO)  (RB). 

dV  =  Rb  x  Ab  x  dT  (7) 

where 


Ps  =  Ae  V  +  Be -“A  -i-  CV',W+1' 


Rb  =  Const  x  (Pg)0R3 


_  Total  Volume 
Solid  Volume 


where  a  is  the  porosity;  Ps  is  the  pressure  from 
the  JWL  CJ  isentrope;  K  is  the  composite  bulk 
modulus;  KG  is  the  bulk  modulus  for  the  gas; 
Kg  is  the  bulk  modulus  for  the  solid;  and  C  is 
another  JWL  EOS  constant.  For  an  expanding 
cell,  in  which  gas  pressure  is  the  controlling  fac¬ 
tor,  a  second  form  is  used, 


K(;Kso 

(Kg  +  Ks(o-l)| 


(5) 


GAS  TRANSPORT 

Cell  to  cell  gas  transfer  is  controlled  by  a  set 
of  three  difference  expressions  based  upon  the 
differentail  equations(ll)  for  adiabatic,  one 
dimensional,  steady,  compressible  flow  with 
friction  in  a  constant  area  circular  duct,  (Figure 
lc).  The  difference  equations  are  written  for 
Mach  No.  (M),  gas  pressure  (PG),  and  gas 
temperature  (TG).  The  friction  factor  (f), 
depends  upon  the  Reynolds  No.  (Re)  and  the 
duct  "roughness". 

fl  =»  1  <dX)  [1  +  (Iri)M2l  (8) 

M  i  e  (1— M2)  2 


916 


jr-  -  ~  4^)  77-^r  [i  +  (r  -  DM2) 

PG  2  e  (1  -  M2) 

<*Tg  _  -(y  -  l)M2  (dMj 

tg  ri  +  (X_z_i)M2]  M 
2 

As  a  consequence  of  the  denominator  expres¬ 
sion  (1  -  M2),  when  gas  flow  begins  sub- 
sonically,  the  flow  rate  can  never  exceed  a  value 
corresponding  to  M  =  1. 

Cell  to  cell  pressure  drop  is  increased  by  a 
“flow  rate  squared”  term  that  accounts  for 
assumed  duct  entering,  exiting,  and  turning 
effects.  Also,  the  duct  length  connecting  adjacent 
cells,  (6X),  is  increased  by  a  multiplier  (current 
value  =  1.5)  to  account  for  a  tortuous  flow  path. 
While  transient  gas  flow  inertia  is  not  considered 
in  the  formulation  of  equations  (8),  the  mass  of 
the  transferred  gas  is  included  in  the  hydrody¬ 
namic  equation  for  conservation  of  mass 

6  i  U  (9) 

Q  rn  3r 

where  Q  is  the  cell  density;  m  is  the  cell  mass; 
U  is  the  velocity;  r  is  the  position;  and  m  is  the 
cell  to  cell  gas  transfer  rate. 

COMPACTION  BEHAVIOR 

The  Lagrange  hydrodynamic  conservation 
equations  for  momentum  and  energy  are  for¬ 
mulated  in  the  conventional  way.(12)  The 
yielding  behavior  of  the  compacting  porous  bed 
is  controlled  by  a  Von  Mises  yield  condition 
where  ID  planar  stress  deviators  are  included. 

The  constitutive  equation  for  compacting 
porous  materials  has  been  fitted  to  experimen¬ 
tal  quasi-static  data.(13,14)  The  isotropic 
mechanical  flow  pressure  (PM)  is  given  by 

PM  =  PG  +  H(o)  x  <P(a)  (10) 

where  a  is  the  porosity;  PG  is  the  pore  gas 
pressure;  H  is  the  operating  flow  (yield)  stress 
as  the  cell  is  compacting;  and  0  is  a  non- 
dimensional  cell  geometry  parameter.  0  is 
described  by  an  equation  for  the  closing  of  a 
spherical  pore,  somewhat  similar  to  (but  simpler 
than)  the  relationships  derived  by  Carroll  and 
Holt.(15) 


While  the  three  different  kinds  of  tube  experi¬ 
ment,  and  the  run  distance  experiment  each  used 
a  different  grade  of  HMX,  it  can  be  inferred 
from  coarse  HMX  quasi-static  compaction  data 
that  when  density  exceeds  80%  TMD  the  effect 
of  grade  difference  is  not  large. 

The  yield  condition,  bulk  modulus,  shear 
modulus,  and  stress  deviators  are  all  functions 
of  porosity  and  gas  pressure.  The  effective  hydro- 
dynamic  response  at  any  position  and  time  can 
be  elastic,  plastic  or  gas  driven  as  determined  by 
the  unbumed  matrix  fraction  and  by  other  local 
loading  details.  An  option  is  included  so  that 
steady  gas  flow  through  a  “rigid”  porous  matrix 
can  be  calculated  and  calibrated  to  experimen¬ 
tal  permeability  data. 

Our  calculational  results  are  quite  sensitive  to 
parameters  that  directly  effect  heat  transfer  coeffi¬ 
cient,  deflagration  temperature  (energy),  distribu¬ 
tion  of  compaction  work,  material  thermal  proper¬ 
ties  as  a  function  of  temperature,  and  bum  rate. 

COMPARISON  OF  EXPERIMENTAL 
AND  CALCULATIONAL  RESULTS 

Squib  Ignited  Experiment(l) 

This  experiment  was  first  modeled  by  Kim(16) 
using  the  DETOVA  program.  We  used  results 
from  his  calculation  to  create  our  squib  burn 
model.  The  squib  drives  an  80%  TMD  compac¬ 
tion  wave  through  the  porous  bed. 

Figure  2  is  a  plot  of  calculated  displacment 
profiles  at  300  ps  and  400  ps.  The  experiment 
included  an  axial  array  of  tungsten  pins.  The 
plotted  data  points  show  pin  displacement  from 
radiographs  taken  at  303  ps  and  403ps.  Figure 
3  is  a  plot  of  the  tube  position  where  calculated 
artificial  viscosity  is  maximum  versus  time.  The 
experimental  streak  record  features  have  been 
superposed.  Figure  2  and  3  illustrate  the  cor¬ 
respondence  between  the  experimental  data  and 
the  simulation. 

Figure  4  is  a  sequence  of  compaction  profiles 
between  340  ps  and  410  ps  showing  the  process 
of  plug  formation.  Figure  5  is  a  similar  sequence 
between  420  ps  and  438  ps  illustrating  the  turn¬ 
over  to  detonation.  Figures  3,  5,  and  6  clearly 
show  retonation  as  well  as  detonation  as  the  high 
density  compaction  plug  is  reduced  to  product 
gas.  Figures  7  and  8  show  both  gas  and  hydrody¬ 
namic  pressure  profiles  at  400  ps  before  turnover 
to  detonation  and  at  428  ps  after  detonation  is 
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Fig.  2.  Squib  ignited  experiment  experiments  vs. 
calculated  pin  displacement 


Fig.  3.  Calculated  front  location  versus  time  and 
experimental  streak  record  for  squib  ignited 
experiment 


well  developed.  Figures  9  and  10  show  the  cor¬ 
responding  velocity  profiles.  The  theoretical 
detonation  velocity  for  61%  TMD  HMX  is 
6.28  mm/ps.  The  illustrated  maximum  calcu¬ 
lated  detonation  velocity  is  5.3  mm/ps.  The  ex¬ 
perimental  streak  record  maximum  velocity 
was  5.9  mm/ps.  These  lower  than  theoretical 
detonation  velocities  illustrate  that  the  turnover 
process  was  not  quite  complete  before  the  end 
of  the  experiment.  In  calculations  performed 
with  a  larger  assumed  burn  rate,  the  calculated 


detonation  velocity  approaches  but  does  not  ex¬ 
ceed  the  theoretical  value.  The  theoretical 
Chapman-Jouguet  (CJ)  pressure  is  14.4  GPa  (144 
kb).  The  calculated  CJ  pressure  at  428  ps  plot¬ 
ted  on  Figure  8  is  of  that  order  of  magnitude. 

Figure  11  shows  profiles  of  the  ODTX  trigger 
parameter  (R)  at  280  ps,  and  290  ps.  Ignition  oc¬ 
curred  at  286  ps.  Figure  12  shows  matrix  surface 
temperature  profiles  for  surface  zones  at  different 
depths  at  280  ps,  about  the  time  of  ignition.  The 
thermal  zone  thickness  is  about  4  x  10~7  mm. 


Fig.  4.  Squib  ignited  experiment  and  formation 
of  a  compaction  plug 


Fig.  5.  Squib  ignited  experiment  and  transition 
to  detonation. 
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Fig.  6.  Squib  ignited  experiment  and  transition 
to  detonation 


Fig.  7.  Squib  ignited  experiment  pressure  at  400 
ps 


The  sensitivity  to  change  of  input  parameter  is 
given  in  Table  1.  Column  1  lists  input  parameters 
and  calculated  timing  for  the  reference  simula¬ 
tion.  Figure  2  to  12.  Column  2  is  for  a  calculation 
where  the  squib  bum  rate  is  reduced  by  10%.  Col¬ 
umn  3  is  for  a  calculation  where  the  assumed 
granulation  has  been  reduced  by  a  factor  of  2.  i.e., 
an  initial  porous  material  cell  dimension  of  0.54 
inm  rather  than  1.08  mm.  Also,  Figure  13  il¬ 
lustrates  the-  superposed  plots  for  front  veloci¬ 
ty  versus  time.  A  10%  reduction  in  squib  burn 
rate  increased  the  time  to  detonation  from 


Fig.  8.  Squib  ignited  experiment  pressure  at  428 

fJS 


Ms 

420  p s  to  457  ps.  A  2  to  1  reduction  in  cell 
dimension  (granulation)  decreases  the  time  to 
detonation  from  420  ps  to  331  ps. 

IMPACT  PISTON  EXPERIMENT  (2.3) 

The  record  for  this  experiment  is  a  set  of 
framing  camera  photographs.  A  steel  cylinder 
in  an  aluminum  sabot  assembly  that  weighted 
24.5  kg,  with  a  pre-impact  velocity  of  324  m/s. 
struck  an  aluminum  attenuator  50  mm  in 
diameter  and  25.3  mm  long,  adjacent  to  a  steel 
piston  50  mm  in  diameter  and  190.4  mm  long. 


919 


Fig<  10-  Squib  ignited  expe-'ment  velocity  at  Fig.  11.  Squib  ignited  experiment  ODTX  igni- 
428  ps  tion  igger  parameter 


TABLE  1 

Input  Parameter  Variations  for  Squib  Ignited  DDT  Tube 


Column 

1 

Reference 

2 

0.9  x  Squib  burn  Hate 

3 

'/2  Zone  Size 

Initial  Matrix  Density 

61%  TMD 

61%  TMD 

61%  TMD 

Initial  Cell  Width 

1.08  mm 

1.08  mm 

0.54  mm 

Convection  Divisor,  C(. 

5.16 

5.16 

5.16 

Compaction  Multiplier,  C(1 

21.3 

21.3 

21.3 

Matrix  Burn  Hate  Exponent 

0.83 

0.83 

0.83 

Burn  Area  Multiplier,  N, 

0.95 

0.95 

0.95 

Burn  Area  Multiplier,  N., 

45.0 

45.0 

45.0 

Crit.  Comp.  Press.,  Ht> 

0.085  GPa 

0.085  Gpa 

0.085  GPa 

Time  to  Ignition 

286  ps 

302  ps 

246  ps 

Time  to  Start  of  Plug  Formation 

343  ps 

366  ps 

290  ps 

Time  to  Start  of  Detonation 
Turnover 

420  ps 

457  ps 

331  ps 

The  piston  extended  inside  a  thick  wall  plexiglas 
tube  containing  a  porous  bed  of  HMX  that  was 
294  tint  in  length  From  the  photographs,  four¬ 
teen  data  points  provided  compaction  front 
location  versus  time  and  detonation  front  loca¬ 
tion  versus  time.  Also,  seven  data  points  pro¬ 
vided  piston  front  location  versus  time. 

The  piston  displacement  history  was  used  to 
produce  the  velocity  versus  time  plot  illustrated 
on  Figure  14  (used  as  input  to  the  hydrody¬ 
namic  calculation)  The  final  velocity  (conserv¬ 
ing  momentum)  for  the  impactor-ta.get  piston 


assembly  was  288  ms.  After  detonation  began, 
the  pre-programmed  velocity  was  bypassed  and 
the  piston-attenuator  system  was  allowed  to 
slow  dow  n  in  response  to  the  large  hydrodynamic 
pressure.  The  calculation  was  terminated  shortly 
after  the  detonation  process  began  and  the 
iteration  cycle  time  became  very  short. 

Figure  15  illustrates  the  calculated  X-t  net  for 
compaction  front,  detonation  front,  and  other 
piston  front  positions  versus  time.  Just  as  in 
the  squib  initiated  experiment,  tht  compaction 
and  detonation  front  locations  are  identified 
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TUBE  POSITION  («■) 

Fig.  12.  Squib  ignited  experiment  matrix  sur¬ 
face  temperature  at  280  ps  just  prior  to  ignition 


Fig.  13.  Calculation  sensitivity  to  change  of 
input  parameters.  Compare  to  Fig.  3 

by  the  position  of  maximum  artificial  viscosity. 
Note  that  the  plotted  experimental  front  positions 
agree  well  with  the  calculated  front  positions  to 
a  tune  ot  250  ps.  Aft1  •  this  time  the  experimen¬ 
tal  data  lags  the  calculated  result.  The  pressure 
on  the  right  hand  side  of  the  second  compaction 
front  is  0.32  GPa  (3.2  kb)  which  is  substantial¬ 
ly  larger  than  the  pressure  on  the  left  of  0.06-1 
GPa  (0.64  kb).  The  framing  camera  photographs 
clearly  show  radial  tube  expansion  after  264  ps. 
Also,  a  very  bright  line  at  448  ps  seems  to  indi¬ 
cate  detonation  at  the  compaction  front  rather 


Fig.  14.  Impact  piston  experiment  central  dif¬ 
ferenced  experimental  .velocities  and  pre¬ 
programmed  piston  velocity  vs.  time  from  Fig. 
15  X-T  plot 


Fig.  15.  Impact  piston  experiment  calculated 
and  experimental  X-T  plot 

than  between  the  piston  and  compaction  front 
as  calculated. 

Figure  16  is  a  sequence  of  compaction  profiles 
after  416  ps  during  turnover  to  detonation. 
Figure  1 7  is  a  corresponding  series  of  unburned 
fraction  profiles.  Note  that  while  burning  starts 
at  the  piston,  it  creates  a  more  heavily  com¬ 
pacted  region  in  front  of  the  piston  which  is 
where  the  ID  detonation  process  begins. 
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It  would  be  desirable  if  the  same  set  of  porous 
material  behavior  assumptions  could  be  used  to 
simulate  both  the  squib  initiated  experiment  and 
the  impact  piston  experiment.  This  is  almost  the 
case.  Equation  6  describes  the  bum  area  relation¬ 
ship.  It  was  necessary  to  nearly  double  the  mate¬ 
rial  pressure  (Hc  =  0.166  GPa)  when  the  critical 
value  for  plastic  work  (Pwi)  occurred  in  the  im¬ 
pact  piston  simulation.  Possible  reasons  for  this 
discrepancy  are  (1)  HMX  particle  size,  (2)  sudden 
plexiglas  tube  expansion  during  the  impact  piston 
experiment,  and  (3)  lack  of  an  adequate  descrip¬ 
tion  of  strain  rate  effects  in  the  expressions  for 
compaction,  heating,  and  burn  rate  surface. 


°  a  *  •  *  ?  8  *  «  «  8  8  I  I 

TuBl  POSH  ION  (to) 


Fig  10  Impact  piston  experiment  turnover  to 
detonation 


TUBE  POSITION  (TO) 


Gas  Driven  Piston  Experiment  (4) 

In  Campbell’s  experiment,  a  piston  was  accel¬ 
erated  into  porous  64%  TMD  HMX  by  gas  pres¬ 
sure  produced  in  a  gas  volume  in  back  of  the 
piston  filled  with  very  low  density  HMX  that  was 
initiated  by  an  SE-1  ignitor.  The  experiment 
was  contained  inside  a  13.4  mm  bore  diameter 
strong  maraging  steel  tube  305  mm  in  length. 
The  piston  initially  was  partially  sealed  with 
epoxy  resin  to  the  tube*  and  did  not  release  until 
significant  gas  pressure  (0.05  GPa)  had  been 
created  in  front  of  the  piston. 

The  driving  pressure  was  monitored;  an  array 
of  thin  (0.13  mm)  lead  foils  was  spaced  through 
the  porous  HMX;  and  there  were  arrays  of 
capped  pins  and  ionization  pins.  Detonation  was 
produced  780  ps  after  the  initiation  and  500  ps 
after  piston  motion  began.  Radiographs  showing 
lead  foil  position  were  taken  at  180  ps  and  204 
ps  after  piston  motion  began. 

We  performed  a  non-recti ve  hydrodynamic 
calculation  on  this  system  that  reproduced  the 
experimental  foil  displacements  at  the  times  of 
the  radiographs.  The  pistion  and  leakage  gas  was 
pushing  an  88%  TMD  plug  at  .llmm/ps.  This 
velocity  is  only  44%  of  the  velocity  observed  by 
Green  (3)  at  ignition  time.  From  this  we  infer 
that  Campbell's  experiment  would  not  have 
ignited  from  compaction  alone  and  that  hot  gas 
blowing  past  the  piston  was  involved.  Campbell 
has  improved  his  test  setup  to  eliminate  gas 
blow-by  and  plans  to  repeat  the  experiment. 

Campbell's  ionization  pins  monitored  shock 
front  velocity  versus  time  during  turnover  to 
detonation.  The  highest  velocity  (10.3  mmlps) 
occurred  soon  after  turnover.  It  then  slowed  to 
a  stable  velocity  of  6.36  mmlps,  a  value  near 
expected  steady  value  of  6.65  mmlps  The 
sequence  of  higher  velocity  to  be  followed  by 
final  stable  lower  velocity  is  consistent  with  the 
ID  performance  we  calculated  for  Green's 
impact  piston  experiment. 

We  feel  that  Campbell’s  experimental  setup 
and  instrumentation  provides  a  good  ID  test. 
The  high  strength  steel  tube  maintains  high 
confinement  for  a  significant  portion  of  the 
DDT  process  so  that  a  ID  hydrodynamic  calcu¬ 
lation  remains  relevant  for  much  of  its  duration. 

*It  was  estimated  that  about  the  piston 
clearance  volume  was  filled  with  epoxy  cement. 


Fig  17  Impact  piston  experiment  turnover  to 
detonation 
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TABLE  2 

Calculational  us.  Experimental  Results  for  Run  Distance 
Experiments  on  Class  A  HMX 


J.  Dick 

Calc. 

Particle  Velocity 

mmlps 

0.3923 

0.3923 

Estimated  Pressure 

Kb 

7.929 

7.96 

Shocked  Density 

%  TMD 

85.81 

86.0 

Shock  Velocity 

mmlps 

1.63 

1.60 

Transit  Time 

Ms 

3.01 

— 

Est.  Matrix  Flow  Stress 

Kb 

— 

7.3 

Quasi-Static  Data  Fit 

Multiple 

37X 

Particle  Velocity 

mm/ps 

0.7438 

0.7438 

Estimated  Pressure 

Kb 

20.66 

20.6 

Shocked  Density 

%  TMD 

97.55 

98.0 

Shock  Velocity 

mm/ps 

2.24 

2.25 

Transit  Time 

ps 

1.41 

— 

Est.  Mat'ix  Flow  Stress 

Kb 

— 

9.477 

Quasi-Static  Data  Fit 

Multiple 

“ 

15  X 

Also,  the  response  of  the  gas  driven  piston  is 
relatively  free  of  strong  reverberations. 

Shock  Initiation  Experiment  (5) 

These  interesting  experiments  represent  a  1-D 
shock  impact  giving  rise  to  an  incremental 
change  of  particle  velocity.  In  the  other  three 
DDT  tube  experiments,  pressure  and  velocity 
build  over  a  comparatively  long  time. 

The  pre-detonation  particie  velocity  in  the 
HMX  was  calculated  using  the  standard  shock 
matching  procedure  for  J.  Dick's  experimental 
setup.  This  particle  velocity  was  then  treated 
as  a  constant  piston  velocity  driving  the  porous 
matrix.  Table  2  tabulates  both  experimental 
and  calculated  parameters.  It  was  necessary  to 
multiply  our  fit  to  Elban’s  quasi-static  HMX 
compaction  pressure  (14)  by  factors  of  37  for  the 
8  Kb  test  series  and  15  for  the  20  Kb  test  series, 
in  order  for  our  code  to  simulate  the  experi¬ 
mental  data.  The  low  level  of  pre-detonation 
compaction  (8661  and  98CX)  in  these  test  series 
was  unexpected.  The  HMX  in  the  run  distance 
experiments  may  be  reacting  at  a  high  rate  dur¬ 
ing  the  run  up  period. 

We  intend  to  perform  reactive  calculations  on 
J  Dick’s  experiments  to  ascertain  whether  we 
can  simulate  his  results  with  reduced  plastic 


yield  and  greater  gas  production.  At  this  time 
we  do  not  explicitly  include  the  effect  of  the  rate 
of  compaction  (rate  of  change  of  porosity)  in  our 
constitutive  model.  It  is  probable  that  such  a 
strain  rate  variable  will  be  necessary  to  compute 
this  kind  of  data. 

CONCLUSIONS 

We  have  developed  a  Lagrange  calculation  pro¬ 
cedure  that  is  well  suited  to  the  study  of  reactive 
porous  material  where  it  is  necessary  to  follow  me¬ 
chanical  and  thermo  chemical  processes  in  detail. 

Calculations  were  performed  on  four  distinctly 
different  types  of  low  density  porous  HMX 
experiments.  With  the  exception  of  the  high 
pressure  shock  initiation  experiment,  the  results 
reveal  that  a  compaction  plug  is  formed  before 
detonation  transition  and  that  the  location  of 
the  turnover  is  forward  of  the  burn  front  that 
drives  the  process  of  compaction  plug  formation 
in  the  squib  ignited  experiment.  The  pressure 
histories  and  shock  trajectories  preceeding  tran¬ 
sition  are  strikingly  similar  whether  piston  or 
initially  squib  driven. 

The  results  show  that  the  ignition  criteria 
strongly  effects  the  results.  We  also  found  that 
the  burn  area  had  to  be  at  least  an  order  of  mag¬ 
nitude  greater  than  that  based  on  the  surface 
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area  of  the  compacted  pore.  This  is  a  clear  indi¬ 
cation  that  the  compaction  and  subsequent 
burning  of  the  porous  material  cannot  be 
described  simply  as  plastic  work  developed  in 
closing  a  spherical  void. 

Nevertheless,  the  calculations  lead  us  to 
believe  that  the  principal  features  of  DDT  can 
be  described  and  predicted  and  that  a 
framework  has  been  developed  here  to  inves¬ 
tigate  details  of  the  process. 
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DISCUSSION 

HERMAN  KRIER,  Universtiy  of  Illinois 

Your  model  apparently  treats  unsteady  flow 
through  a  hard  sponge-like  matrix.  What  advan¬ 
tage  do  you  get,  compared  to  the  previously  pub¬ 
lished  two-phase  flow  models  (1,2)  which  have 
nicely  predicted  DDT  in  porous  explosives? 

Clearly  I  can  think  of  many  disadvantages  in 
going  ahead  with  your  methodology,  since  it  can 
be  calculated  (and  has  been  observed)  that  the 
solid  is  often  free  to  move,  to  change  permeabil¬ 
ity,  and  to  compact  to  shock  initiation.  The 

1  Butler,  Lembeck,  Krier,  " Combustion  & 
Flame,"  Vol.  46,  pp.  75-93  (1982). 

2  Baer  and  Nunziato.  SANL  Report  0SAND 
82-0293  (1983). 
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deflagration  in  granular  beds  is,  in  my  opinion, 
porperly  modeled  by  solving  the  coupled  con¬ 
servation  equations  for  mass,  momentum  and 
energy,  for  each  (solid,  gas)  phase. 

REPLY  BY  A.  M.  WESTON 

We  agree  with  Prof.  Krier  that  the  previous¬ 
ly  published  two  phase  flow  models  (1,2)  are 
mathematically  well  stated  solutions  to  the 
coupled  conservation  equations. 

However,  Prof.  Krier  appears  to  be  unaware 
that  our  structural  model  includes  detailed 
treatment  of  compaction  and  the  associated 
change  in  gas  permeability.  We  thought  this 
was  clear  from  our  paper.  An  important  dif¬ 
ference  «n  our  treatment  is  that  we  did  not  use 
an  Ergun  type  quasi-static  drag  correlation  for 
the  calculation  of  gas  permeation.  While  such 
a  correlation  is  well  suited  to  packed  beds  of 
very  low  solid  fraction  at  low  gas  pressure, 
crucial  stages  in  the  DDT  process  occur  after 
compaction  to  solid  fractions  well  in  excess  of 
80%  TMD. 

We  see  several  advantages  to  the  approach 
we  have  followed.  These  include  the  capability 
to  follow  details  of  gas  flow  through  pores  and 
passages,  and  to  compute  details  of  heat  con¬ 
duction,  all  within  a  standard  procedure  for 
shock  front  propagation  in  Lagrange  coor¬ 
dinates.  Our  research  model  allows  us  to  exam¬ 
ine  the  physical  assumptions  associated  with 
gas  flow,  heat  transfer,  compaction,  ignition, 
and  shock  propagation. 

DISCUSSION 

BARRY  BUTLER,  Universtiy  of  Iowa 

Would  you  please  comment  on  the  oscillations 
which  appear  in  your  Mach  No.  profiles? 


REPLY  BY  A.  M.  WESTON 

In  the  presentation  we  exhibited  a  supplemen¬ 
tary  viewgraph  that  illustrated  both  Mach  num¬ 
ber  (M)  profiles  and  Reynold’s  No.  (Re)  profiles 
for  the  squib  ignited  HMX  experiment,  in  a 
description  of  early  time  squib  gas  permeation. 
The  forward  region  of  these  profiles  showed 
negligible  values  for  Reynolds  No.  but  signifi¬ 
cant  values  (.15-.3)  for  Mach  Number.  We  assume 
professor  Butler’s  question  relates  to  this. 

The  ratio,  Mach  Number  divided  by 
Reynold’s  Number  (M/Re),  is  independent  of  gas 
flow  mole  rate  but  is  inversely  proportional  to 
gas  pressure.  Therefore,  very  small  values  for 
Re  can  be  associated  with  appreciable  values  for 
M  when  gas  pressure  is  small,  i.e.,  at  1  atm.  The 
computer  code  calculates  gas  flow  in  relation  to 
cell  to  cell  pressure  drop  to  an  error  limit  of  0.01 
atm.  All  cells  are  calculated,  even  those  well  for¬ 
ward  of  the  early  time  compaction  and  gas 
fronts.  In  these  forward  cells,  insignificant 
numerical  changes  in  cell  dimensions  and  pres¬ 
sures  give  rise  to  very  low  mass  but  high  veloci¬ 
ty  forward  and  aft  gas  flows.  Absolute  values 
are  used  for  M  and  Re.  This  numerical  process 
is  the  source  of  the  Mach.  No.  oscillations 
observed  on  the  viewgraph  in  question. 

DISCUSSION 

DICK  STRESAU,  Spooner,  Wisconsin 

Has  a  model  considered  deformation  and 
failure  of  the  porous  structure? 

REPLY  BY  A.  M.  WESTON 

Our  model  does  consider  deformation  and  col¬ 
lapse  of  the  porous  structure.  We  match  experi¬ 
mental  porous  HMX  constitutive  data. 
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MODELING  OF  REACTION  BUILDUP  PROCESSES 
IN  SHOCKED  POROUS  EXPLOSIVES 


Kibong  Kim,  Chang-Hyun  Sohn 
Korea  Advanced  Institute  of  Science  and  Technology 
Seoul,  Korea 


Various  mechanical  deformation  mechanisms  such  as  shock  interac¬ 
tion  with  discontinuities,  friction,  particle  rearrangement,  and  shear 
banding  in  local  areas  of  shocked  porous  explosives  are  examined 
as  primary  sources  of  thermal  energy  generation.  These  local  areas 
of  elevated  temperature  (hot  spots)  then  lead  chemical  reaction  in  the 
explosives.  The  above  two  processes  —  hot  spot  generation  and 
subsequent  chemcial  reaction  —  are  numerically  modeled.  Results  of 
the  model  is  compared  against  existing  experimental  data  on  shock 
sensitivity  of  PBX-9404. 


INTRODUCTION 

Walker  and  Wasley  (1)  examined  data  of  thin 
flyer  plate  experiments  of  Gittings  (2)  and  pro¬ 
posed  the  concept  of  critical  energy  for  shock 
intiaition  of  heterogeneous  explosives.  When 
they  divided  data  of  the  test  results  into  two 
groups;  one  group  which  does  not  show  detona¬ 
tion  after  the  flyer  plate  impact,  and  the  other 
group  which  does,  they  found  that  there  is  a 
constant  associated  with  energy  delivered  to  ex¬ 
plosive  samples  by  the  flyer  plates  which  marks 
the  boundary  between  the  two  groups.  This 
energy,  proportional  to  p2T,  where  p  is  the 
strength  and  t  is  the  duration  of  the  shock 
delivered  to  the  explosive  samples  by  the  flyer 
plates,  was  called  the  critical  energy. 

de  Longuevilie,  et  al.  (3),  among  others,  found 
that  this  critical  energy  is  smaller  than  neces¬ 
sary  to  heat  the  bulk  of  the  explosive  uniformly 
for  initiation  of  sustained  chemical  reaction. 
They  explained  that  the  observed  chemical  reac¬ 
tion  is  due  to  a  non-uniform  spatial  temperature 
distribution  within  which  regions  of  high  temper¬ 
ature  (hot  spots)  were  sufficiently  dense  to  ini¬ 
tiate  the  chemical  reaction  leading  to  detonation. 

Various  physical  mechanisms  have  been  ex¬ 
amined  as  sources  of  the  hot  spot  generation  in 
shocked  porous  explosives.  They  include  adiabatic 
gas  compression  (4),  microjetting  (5,6),  plastic 
flow  (7),  shock  interaction  with  discontinuities 


(8),  shear  zones  and  dislocation  pileup  (9).  With 
an  exception  of  adiabatic  gas  compression,  all 
the  above  mechanisms  represent  one  or  other 
forms  of  mechanical  deformation  of  the  solid 
explosives.  For  example,  friction  is  none  other 
than  mechanical  deformation  of  asperities  near 
the  surface.  The  shock  interaction  with  disconti¬ 
nuities  of  three-dimensional  geometries  (inclu¬ 
sions,  bubbles)  also  represent  mechanical  defor¬ 
mation  around  these  discontinuities.  It  is  likely 
that  a  real  explosive  undergoing  shock  induced 
localized  heating  may  see  a  number  of  the  above 
mechanisms  simultaneously. 

In  one  form  or  another,  many  people-Kim  (10), 
Wackerle  and  others  (11),  Kooker  and  Anderson 
(12),  and  Khasainov  and  others  (13)-chose  to 
represent  the  above  complex  mechanisms  with 
a  mathematically  simple  form  and  adapted  a 
hollow  sphere  geometry  which  Carroll  and  Holt 

(14)  originally  used  in  the  study  of  compaction 
of  inert  porous  materials.  They  used  the 
geometry  to  simulate  the  deformation  behavior 
around  a  pore  and  assumed  that  the  explosive 
undergoes  one  type  of  deformation-bulk  visco¬ 
plastic  deformation. 

Other  theoretical  studies  include  calculations 
of  hot  spot  temperatures  by  Kipp  and  others 

(15)  based  on  a  continuum  mixture  theory,  and 
Hayes  (16)  and  Pastine  and  Frankel  (17)  based 
on  the  assumption  that  plastic  work  generated 


around  a  pore  of  explosive  is  converted  into  heat 
into  a  volume  equal  to  the  original  pore  volume. 
Still  other  theoretical  studies  (18,  19)  avoided 
direct  calculation  of  the  hot  spot  temperature 
in  representation  of  the  overall  chemical  reac¬ 
tion  rate  in  porous  explosives  under  shocks. 

This  paper  is  an  extension  of  the  paper  by 
Kim  (10).  First,  it  reexamines  material  behavior 
in  the  compaction  process,  especially  the  role  of 
particle  rearrangements  in  generation  of  heat 
in  hot  spots.  Using  the  hollow  sphere  geometry, 
the  temperature  distribution  in  the  explosive 
can  be  calculated  as  a  function  of  time  and  loca¬ 
tion  (radius).  Then,  an  Arrhenius  type  chemical 
kinetics  is  assumed  to  start.  This  reaction  even¬ 
tually  leads  to  a  quasi-static  chemical  reaction 
(surface  regression)  balanced  on  one  hand  by 
heat  transfer,  and  on  the  other  hand  by  the 
chemical  kinetics. 

Hot  Spot  Formation 

One  can  assume  that  in  the  process  of  com¬ 
paction  of  shocked  explosives  all  of  the  defor¬ 
mation  mechanisms  (particle  rearrangement, 
shear  banding,  and  bulk  plastic  deformation 
and  others)  occur  as  follows: 

As  an  external  stress  is  applied,  particles  im¬ 
mediately  go  through  elastic  and  plastic  defor¬ 
mation.  Soon  slip  planes  and  shear  bands  form 
and  generate  small  particles.  Some  of  these  par¬ 
ticles  may  move  from  their  original  position 
with  or  without  much  resistance  settling  into 
different  locations  before  further  compaction  of 
the  bulk  material  starts.  Some  particles  may 
impact  on  other  particles.  The  particles  may  or 
may  not  break  into  still  smaller  particles  while 
going  through  subsequent  compaction.  Dynamic 
friction,  shear  banding  and  viscoplastic  defor¬ 
mation  all  become  a  factor  here.  Eventually  the 
deformation  approaches  an  asymptotic  state 
which  is  independent  of  dynamic  (rate-dependent) 
parameters,  the  final  porosity  may  be  defined  by 
the  applied  stress  and  the  non-dynamic  param¬ 
eters  of  the  material. 

The  study  of  each  of  the  isolated  phenomena 
such  as  shear  bands,  impacts,  local  plastic  defor¬ 
mation,  frictional  surfaces  between  particles  and 
relative  motion  among  particles  is  not  possible. 
Here,  we  attempt  to  predict  a  global  behavior  of 
the  deforming  region,  using  a  continuum  ap¬ 
proach  with  an  assumption  of  statistical  random¬ 
ness  of  the  structural  irregularities  in  a  given 


control  volume  small  enough  to  be  a  part  of  a 
single  original  crystal  but  large  enough  to  con¬ 
tain  many  of  the  above  phenomena  in  it. 

The  material  behavior  of  compaction  of  shocked 
explosives  under  the  global  description  can  be 
termed  elastic-viscoplastic,  in  the  sense  that 
there  are  mechanisms  which  are  strain-rate 
dependent  (viscous)  and  other  which  are  strain 
dependent  (elastic-plastic).  The  strain-rate  depen¬ 
dent  mechanisms  may  include  shear  banding, 
dynamic  friction  and  bulk  viscoplastic  deforma¬ 
tion.  The  strain  dependent  terms  may  include 
the  particle  rearrangement  mechanism  as  well  as 
the  bulk  elastic-plastic  deformation  of  the 
particles. 

Exact  mathematical  functional  form  of  the 
elasto-viscoplasticity  is  difficult  to  obtain  for 
these  materials.  Therefore,  an  a  priori  quan¬ 
titative  analysis  is  not  available.  However,  some 
important  features  dominating  the  compaction 
process  of  shocked  explosives  and  the  resulting 
sensitivity  may  be  qualitatively  obtainable  by 
assuming  a  simple  mathematical  form.  The 
following  linear  relationship  for  the  elastic 
viscoplastic  material  has  been  adopted  as  the 
simple  form: 

d£  =  i  =  y  (o  -  o0)  +  _L  (1) 

dt  E  dt 

where  £  is  the  strain,  £  is  the  strain  rate,  a  is  the 
stress,  t  is  the  time,  y1  and  E  are  constants  and 
o0  is  the  static  yield  strength  of  the  material.  The 
exact  values  of  /)  and  E  are  unknown  a  priori, 
but  may  be  estimated  with  appropriate  ex¬ 
perimental  data. 

One  still  needs  further  simplification  to  study 
the  three-dimensional  compaction  process.  Car- 
roll  and  Holt  (14)  showed  that  a  simple  hollow 
sphere  model  approximates  dynamic  compac¬ 
tion  process  of  powdered  materials  reasonably 
well.  The  model,  shown  in  Fig.  1,  assumes  that 
pores  in  the  explosive  are  uniform  in  size  and 
distribution,  that  the  size  of  the  void  sphere  in 
Fig.  1  equals  the  average  pore  size,  with  the 
ratio  of  volumes  of  spheres  with  inner  and  outer 
radii  r(  and  r0  equal  to  the  porosity  of  the  explo¬ 
sive,  and  that  the  compaction  of  this  hollow 
sphere  represents  the  overall  compaction 
behavior  of  the  explosive.  This  model  was 
chosen  in  this  paper. 
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Fig.  1.  Hollow  sphere  model  r,-  is  the  pore  radius, 
r0  is  the  solid  radius,  r  is  the  space  coordinate 

For  the  problem  under  consideration,  the  set 
of  equations  describing  the  material  behavior 
and  the  force  balance  for  the  given  system, 
neglecting  inertial  effects  and  bulk  compres¬ 
sibility,  is  (20j): 

~ 'l  +  2^——  =  0  (2) 

or  r 

Tr  - r -  - « 

,  o  (3) 

+  2cT  ft0'  - 

4^  +  2X  =  0  (4) 

3r  r 

where  or  is  the  radial  stress,  Oq  is  the  tangen¬ 
tial  stress,  r  is  the  space  coordinate,  v  is  the 
radial  displacement  rate, 

y  =  y,o0,  k  =  OqIs/T,  and  G  =  E/3. 

G  is  the  shear  modulus  of  the  material  going 
through  the  complex  deformation  process 

described  above,  but  not  that  of  the  matrix 
material  in  the  conventional  sense.  Eq.  (2) 
describes  the  force  balance  of  the  system,  Eq. 
(3)  is  a  rewritten  form  of  Eq.  (1)  for  spherical 
symmetry  and  Eq.  (4)  shows  the  volume  conser¬ 
vation  of  the  solid  mational. 

The  boundary  and  initial  conditions  are: 

Or(rj,t)  =  -pg 


or(r0,t)  =  -p0 
or(r,  0)  =  0 
oe(r,  0)  =  0 

where  p0  is  the  applied  stress  at  r0  and  pg  is  the 
gas  pressure  in  the  void.  The  negative  signs  in 
the  first  and  second  equations  indicate  that  p0 
and  pg  are  compressive  stresses. 

The  solution  of  v  for  the  above  set  of  partial 
differential  equations  can  be  obtained  in  an  ana¬ 
lytical  form  by  use  of  Laplace  transformation: 


where  c5(t)  means  a  Delta  function  at  t=0. 
Details  of  the  solution  procedure  are  not  given 
here. 

The  first  term  represents  an  instantaneous 
(since  the  inertial  effect  is  neglected)  elastic 
shear  deformation  caused  by  the  stress  dif¬ 
ference  between  the  applied  stress  p0  and  the 
gas  pressure  in  the  void,  and  the  second  term 
represents  viscous  shear  deformation  by  an 

overstress,  p0-p„-  2 \f3  k  ln^. 

S  ri 

The  term  overstress  is  used  for  the  following 
reason.  The  term, 

Ps  =  2v/F  k  In—  ==  JL  k  In  -1  (7) 

r,  n/3  4> 

where  $  is  the  porosity  of  the  material,  is  the 
current  static  compaction  stress  which  is  a 
stress  required  to  compact  the  material  even¬ 
tually  to  the  current  porosity  (refer  to  Eq.  (8)). 
Therefore  the  term  (p0-p  )  —  ps  represents  the 
difference  betweeen  the  driving  stress  (p0-pj 
and  the  current  static  compaction  stress  as  9 
changes  with  time.  When  the  current  compac¬ 
tion  stress  becomes  equal  to  the  driving  stress, 
the  deformation  stops.  The  porosity  at  this 
stage  is  calculated  from  Eq.  (6)  as: 

a _ j_'/3(Po“Pk>i  ,<n 

tf  =  exp  {- - (&) 

This  result  compares  favorably  with  existing  ex¬ 
perimental  data  (21). 
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A  typical  compaction  process  for  a  set  of 
selected  parameters  is  shown  in  Figure  2.  In  the 
figure,  <|>i  is  the  porosity  reached  after  the  in¬ 
stantaneous  elastic  deformation.  The  viscous 
deformation  gradually  progresses  until  the  final 
porosity  <|>f  is  reached. 


The  temperature  increase  due  to  the  elastic- 
viscoplastic  deformation  can  be  computed  as 
follows.  The  work  done  dW  by  the  deformation 
is  given  by: 

dW  =  (or  -  o0)dtr  (9) 

where  l.  =  —  . 

dr 

If  the  temperature  increase  due  to  the  elastic 
deformation  is  assumed  negligible,  assuming 
that  this  deformation  represents  most  of  the 
deformation  by  particle  rearrangements  which 
involves  little  heating,  then  the  stress  is  related 
to  the  strain  as: 

(0-o#.=v^  k  [^(|i  —  J)  —  l]<10) 

Since 

d£r  =  —  dt,  (11) 

dr 

the  mechanical  work  dW  can  be  obtained  by 
substituting  Eq.  (6)  into  Eqs.  (10)  and  (1 1)  and 
then  into  (9).  Then  with  an  approximation  that 
p0»k,  dW  becomes 


(p0— Pg— 2\/T  kln^)2 
(rf3  -  r-»)V 


-T-  dt  (12) 
k 


The  temperature  rise  dT  due  to  the  mechanical 
work  done  is  given  by 


eCpdT  =  dW, 


here  Q  is  the  solid  density  and  Cp  is  its  heat 
capacity.  Therefore 


where  the  subscript  M.D.  denotes  mechanical 
deformation. 

The  temperature  rise  shown  above  is  a  mono- 
tonicaliy  increasing  function  of  time  and  a 
monotonically  decreasing  function  of  space 
(radius).  Therefore,  the  extent  of  the  hot  spot 
region  is  readily  known  by  observing  the 
temperature  profile.  This  elimintes  the  necessi¬ 
ty  of  determining  the  size  of  the  hot  spot  region 
a  priori  as  an  independent  parameter.  Also,  it 
eliminate  requirement  (15,16,17)  that  the 
temperature  is  constant  in  the  hot  spot  region. 
The  inner  radius,  r=ri,  is  the  hottest  location, 
and  therefore  it  is  of  interest  to  follow  the 
temperature  here. 

Figure  3  shows  the  temperature  rise  at  the  in¬ 
ner  radius  in  PBX-9404  under  2.5  G  Pa  as  a  func¬ 
tion  of  tempeature.  It  shows  the  temperature 
increase  to  more  than  3,000  °K  by  mechanical 
deformation  based  on  the  same  conditions  given 
in  the  legends  of  Figure  2. 


Heat  Conduction  and  Chemical  Reaction 

The  temperature  rise  due  to  the  mechanical 
deformation  is  followed  by  two  other  processes 
in  the  explosives:  heat  conduction  and  chemical 
reaction.  Both  of  these  processes  are  dependent 
on  and,  at  the  same  time,  modify  the  tempera¬ 
ture  distribution  in  the  explosives.  Therefore, 
the  overall  temperature  change  can  be  expressed 
as  follows. 
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Fig.  3.  Temperature  profile  at  the  inner  radius 


r  3T(r,t)  „.aT.lin 
«°n-ar  “eCp(  at,M  D' 


+  J. 


+Q 


dr  dr 

a  A(r.t) 


(14) 


at 


Here,  k*  is  the  thermal  conductivity,  Q  is  the 
heat  of  reaction  of  the  explosive  and  A  is  the 
degree  of  reaction  of  the  explosive.  A=1  when 
the  explosive  is  fully  reacted.  The  last  term  is, 
according  to  Arrhenius  reaction  law, 

A(r,t)=(l— A)Aexp{~  }  (15) 

Here,  A  is  a  frequency  factor  and  T*  is  an  ac¬ 
tivation  temperature. 

As  mentioned  above,  Ar.t)  represents  the  local 
chemical  reaction  rate  in  the  hollow  sphere, 
showing  the  maximum  at  the  inner  radius,  the 
minimum  at  the  outer  radius,  and  a  monotonic 
decrease  between  them.  Since  one  is  interested 
in  the  total  averaged  chemical  reaction  rate  in 
the  hollow  sphere,  the  local  chemical  reaction 
rate  is  integrated  over  the  whole  volume  of  the 
hollow  sphere. 

Hgn:=Jr^r-tHw2dr/~-n(r3-r3)  (16) 


The  subscript  ‘ign’  is  added  to  emphasize  that 
the  above  chemical  reaction  rate  is  calculated 
based  on  the  temperature  rise  from  the  mechan¬ 
ical  deformation  of  the  explosives  in  hot  spots, 
and  therefore,  is  an  ignition  term. 

Once  the  explosive  is  ignited  in  such  a  fashion 
the  chemical  reaction  products  will  accumulate 
in  the  void.  The  pressure  and  the  temperature 
of  the  product  gas  in  the  void  will  steadily  in¬ 
crease  and  at  some  point  in  time  the  heat 
transfer  from  the  hot  gas  onto  the  unreacted 
solid  becomes  important.  In  the  end,  a  quasi- 
steady  process  will  develop  where  the  speed  of 
heat  penetration  into  the  solid  surface  dictated 
by  the  interphase  heat  transfer  and  the  heat 
conduction  in  the  solid  is  balanced  by  the  speed 
of  surface  regression  due  to  chemical  reaction. 
This  is  the  surface  burning.  It  is  hard  to  express 
the  combined  effects  of  the  above  phenomena 
exactly.  Therefore,  in  place  of  the  exact  descrip¬ 
tion  of  the  above  phenomenon,  an  approximate 
representation  was  used  after  Lee  and  Tarver 
(18).  That  is,  the  total  reaction  rate  at  any  time 
can  be  expressed  as  a  sum  of  two  terms; 
chemical  reaction  rate  during  the  ignition  pro¬ 
cess  (described  above)  and  a  chemical  reaction 
rate  due  to  surface  burning, 

i(t)=A(t)ign  +  A(t)surface  burn 

U8I 

Eq.  (18)  is  identical  to  Lee  and  Tarver's  growth 
term.  At  the  beginning,  both  the  ignition  term 
and  the  growth  term  is  zero.  Once  the 
mechanical  deformation  starts,  the  temperature 
rises  causing  both  the  ignition  term  and  the 
growth  term  to  become  different  from  zero.  At 
this  stage,  the  ignition  term  is  larger  than  the 
growth  term.  At  some  point  in  time,  the  gas 
generated  by  chemical  reaction  increases  the 
gas  pressure  in  the  void  and  the  mechanical 
deformation  is  slowed  down  due  to  increasing¬ 
ly  smaller  pressure  difference  between  the  out¬ 
side  and  the  inside  of  the  hollow  sphere.  At  the 
same  time,  the  growth  term  becomes  stronger 
and  eventually  the  second  term  dominates  the 
first  term. 

Ideally,  the  surface  burn  term  should  not  ex¬ 
ist  at  the  beginning  and  the  ignition  term 
should  be  dropped  when  the  surface  burn  term 
becomes  important.  However,  since  the  time 
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when  the  transition  occurs  is  unclear,  both 
terms  are  retained  throughout.  Its  shortcoming 
is  somewhat  lessened  by  the  fact  that  most  of 
the  time  one  term  or  the  other  dominates  the 
counterpart  term,  and  introduces  small  error  in 
the  modelling.  Furthermore,  as  will  be  seen  later 
it  is  further  compromised  when  some  of  the  con¬ 
stants  in  either  terms  will  be  adjusted  to 
curvefit  experimental  data.  The  gas  pressure  in 
the  void  pg(t)  was  calc'  ted  using  the  HOM 
(22)  equation  of  state  .  jpe 

Pg=Pg(vg)  <19) 

where  the  specific  volume  v„  was  calculated 
from  the  void  volume  divided  by  the  amount  of 
explosive  reacted  in  the  void 

v= - ^ - ■  Vg  (20) 

r0(o)3 — rj(o)3 — r0(t)3 + rs(t)3 

Here  vs  is  the  original  specific  volume  of  the 
unreacted  explosive. 

Numerical  Simulation 

The  above  model  (Eqs.  (6-20))  contains  five 
constants,  G,  y,  k*.  B  and  z  to  be  determined 
from  comparisons  with  experimental  data.  All 
the  other  constants  in  the  model  are  assumed 
to  be  known.  They  are  Q,  Cp.  k.  A,  T*.  and  Q. 
Actually,  if  one  were  to  deal  with  a  perfectly 
symmetric  hollow  sphere  model  with  known 
mechanical  deformation  behavior,  the  five  con¬ 
stants  mentioned  above  would  also  be  known. 
However,  since  we  are  not  dealing  with  a 
perfectly  symmetric  hollow  sphere,  some 
uncertainties  are  introduced  in  them.  The  five 
constants  mentioned  are  the  ones  easily  af¬ 
fected  by  the  change  of  geometry. 

The  values  of  G,  y,  k*.  B  and  z  for  PBX-9404 
were  selected  to  yield  calculational  results  in 
good  agreement  with  the  experimental 
manganin  gage  pressure  histories  PBX-9404  at 
several  gage  locations  for  a  sustained  shock 
pulse  of  2.5  GPa  (18),  these  are  G =4.9 12  GPa, 
y = 3.0 X 1 0 “ 'Vp sec,  k* = 5.0  X 1 0  ~ 3cal/cmsec°C, 
B=45.0  psec-1Mbar~z,  and  z=1.2.  In  the 
calculation,  a  one-dimensional  hydrodynamic 
code  called  STEALTH  was  used. 

Figure  4  shows  the  comparison  between  the 
calculated  and  experimental  results  using  the 
above  five  constants.  The  time  of  arrival  of  the 
shock  and  subsequent  reaction  growth  give 
good  comparisons. 


Time  (xsec) 


Fig.  4.  Calculated  and  experimental  pressure 
histories  fora  sustained  shock  pulse  of 2.5  GPa 
in  PBX-9404 

Test  of  the  Model 

The  above  model  with  the  five  constants 
determined  by  the  Fig.  (4)  is  tested  now  against 
other  existing  experimental  data  on  PBX-9404. 
These  are  particle  velocity  histories  at  the  back 
side  of  PBX-9404  slabs  of  various  thicknesses 
under  3.7  GPa  strength,  1.1  psec  duration 
shocks  impacting  on  the  front  side  of  the  slabs, 
and  those  under  5.1  GPa  peak-pressure,  0.3 
psec  rise-time  ramp  waves,  and  those  under  5.1 
GPa  peak-pressure,  0.8  psec  rise-time  ramp 
waves  and  also  a  Pop-plot. 

Fig.  (5)  shows  the  calculated  and  experimen¬ 
tal  particle  velocity  histories  recorded  at  the 
opposite  side  of  PBX-9404  slabs  when  a  3.7 
GPa,  1.1  psec  shock  is  applied  on  one  side  (15). 
The  model  calculation  is  slightly  lower  than  the 
experimental  data. 

Fig.  (6)  shows  the  measured  wave  forms,  the 
model  prediction  and  the  results  of  the  Sandia 
model  compared  together  for  0.3  psec  rise-time, 
5.1  GPa  peak-pressure  initial  ramp  waves  in 
PBX-9404.  Again,  the  current  model  shows 
slightly  lower  results  than  the  measured  ones. 
Fig.  (7)  shows  the  similar  comparisons  under 
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0.8psec  rise-time,  5.1  GPa  ramp  waves  (15). 
Once  again,  the  current  model  slightly  under¬ 
predicts  the  measured  results,  but  seems  to 
follow  the  general  trend  favorably.  Overall,  the 
agreement  between  the  prediction  and  the  ex¬ 
perimental  data  are  good  at  the  early  stages 
of  pressure  developn  ents. 


Fig.  5.  Calculated  and  experimental  particle 
velocity  histories  [or  3.7  GPa,  1.1  psec  shocks 
in  PBX-94M 


ot  06  oe  06  oe  10  o»  io  u  u 

TIME  ( ) 


Fig.  6  Measured  waveforms  and  model  predic¬ 
tions  for  a  O.Spsee  rise-time.  5.1  GPa  peak- 
pressure  initial  ramp  wave  in  PBX-iFlO-1 


TIM£  U  s «  ) 

Fig.  7.  Measured  waveforms  and  model  predic¬ 
tions  for  a  O.Hpsec  rise-time,  5.1  GPa  peak- 
pressure  initial  ramp  wave  in  PBX-9404 


Finally,  a  Pop-plot  data  is  compared  in  Fig. 
(8).  The  solid  line  represents  the  experimental 
data  while  results  of  three  model  predictions 
are  shown  together;  Lee  and  Tarver’s,  San- 
dia’s.  and  the  current.  They  all  show  more  or 
less  similar  deviations  from  the  experimental 
curve.  This  discrepancy  between  the  ex¬ 
perimental  curve  and  the  three  models  seems 
to  come  from  the  surface  burn  term,  which  is 
included  in  all  the  above  models  in  slightly  dif¬ 
ferent  forms,  and  it  requires  a  further  study. 


1  10  100 
PRESSURE  (GRa) 

Fig.  8.  Calculated  and  experimental  run 
distance  to  detonation  versus  shock  pressure 
data  for  sustained  pulses 

CONCLUSION 

A  new  model  was  developed  to  describe  the 
chemical  reaction  process  induced  by  loading 
of  pressure  waves  in  heterogeneous  explosives 
based  on  a  phenomenologically  developed  hot 
spot  model  and  subsequent  chemical  kinetics 
considerations.  Comparisons  with  experiments 
show  good  agreements  at  early  stages  of 
pressure  buildup  but  shows  some  discrepancies 
later.  This  probably  means  that  the  description 
of  the  ignition  term  is  satisfactory  and  that  of 
the  reaction  growth  term  needs  a  further 
study. 
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INTRODUCTION 

Modeling  the  complete  deflagration-to- 
detonation  process  in  porous  beds  of  propellant 
from  igniter  initiation  to  fully  developed  steady- 
state  detonation  is  a  difficult  task.  Selected  por¬ 
tions  of  the  process,  such  as  wave-steepening 
and  detonation  have  been  successfully  modeled, 
and  compaction  phenomena  have  been 
simulated.  However,  there  has  been  little  suc¬ 
cess  in  modeling  the  total  process  with  consis¬ 
tent  and  realistic  parameters;  a  model  that  may 
describe  one  part  of  the  process  may  require 
totally  unrealistic  parameters  to  match  another 
part  (e.g.  exceedingly  high  surface  temperatures 
of  the  solid  phase,  or  exceedingly  large  values 
of  the  burn  rate  exponent).  Often  these  prob¬ 
lems  can  be  traced  to  an  overly  simplified 
description  of  the  combustion  events  which 
preceded  and  in  turn  set  up  the  other  events  in 
the  overall  process. 

A  previous  paper,  “Role  of  Gas  Phase  Reac¬ 
tions  in  Deflagration-to- Detonation  Transi¬ 
tion,"  Seventh  Symposium  (Internationa!)  on 
Detonation  (1),  discusses  much  of  the  ex¬ 
perimental  evidence  and  rationale  leading  to  the 
analytical  treatment  of  the  combustion  process 
utilized  in  the  model  to  be  described.  The  reader 
is  urged  to  refer  to  this  paper,  as  in  the  interests 
of  brevity  that  discussion  is  not  repea  ,ed  in  this 
paper. 

DESCRimON  OF  MODEL 

Before  beginnng  a  discussion  of  the 
analytical  mo^el,  it  is  useful  to  discuss  those  ex¬ 
perimental  observations  such  a  model  should 
describe  if  it  is  to  be  considered  truly  relevant. 
Among  these  are  (1)  incorporation  of  the  results 
of  transi ,*ni  combustion  research  as  reported  in 
Reference  1  and  its  citations.  12)  application  to 


the  entire  DDT  event,  which  may  last  several 
hundred  to  several  thousand  microseconds,  (3) 
evidence  of  hydrodynamic  propriety  by  the 
ability  to  predict  shock  tube  behavior,  (4)  incor¬ 
poration  of  realistic  compaction  behavior  as 
determined  by  experiment,  (5)  ability  to 
generate  accelerating  compaction  profiles  (both 
weak  compaction  waves  and  strong  compaction 
waves)  and  steepening  pressure  fronts.  (6) 
generation  of  pressure-time  histories  at  discrete 
locations  having  the  typical  “cross-over"  pat¬ 
tern,  and  (7)  the  ability  to  predict  the  effects  due 
to  a  change  in  igniter  strength. 

The  model  we  used  was  a  modification  of  that 
used  by  Pilcher,  Beckstead,  et  al,  (2-6).  Their 
model,  based  partially  on  the  earlier  work  of 
Krier  (7-9),  included  the  effects  of  confinement 
as  well  as  the  gas  flow,  ignition,  flame  spread, 
and  pressure  build-up  due  to  burning  within  the 
porous  material.  Our  model  is  a  composite  of 
several  conservation  equations,  auxiliary  rela¬ 
tionships,  and  submodels.  The  basic  elements 
and  methods  are: 

1.  Gas-phase  conservation  equations,  one¬ 
dimensional,  similar  to  those  proposed  by 
Culick  (10). 

2.  Condensed-phase  (particle)  conservation 
equations,  quasi-one-dimensional  involving  the 
center  of  mass  and  motion  relative  to  it. 

3.  Porous-bed  drag  (permeability)  relations  of 
Ergun  (11)  or  Jones  and  Krier  (12),  optional 
choice,  with  provision  for  defining  increased 
drag  due  to  irregular  particles. 

4.  Heat  transfer  to  the  bed.  Denton's  correla¬ 
tion  (13). 

5.  Intergranular  stress  (compaction),  relation¬ 
ship  of  Carroll-Holt  (14),  as  modified  by  Kooker- 
Anderson  (15).  Experimental  data  of  Elban 


(16-17)  used  fo>-  evaluation  of  compaction 
parameters. 

6.  Thermal  response  of  particle,  finite- 
difference  solution  for  external  heat  source, 
ablating  surface,  cast  in  spherical  coordinates, 
and  with  the  provision  for  condensed-phase 
reaction  kinetics. 

7.  Igniter  source  optionally  described  as  mass 
rate,  distance  versus  time,  or  as  a  weight  of 
material,  with  pressure-dependent  burn  rate, 
paticle  size,  and  energy  release. 

8.  Tube  wall  confinement,  described  by  coup¬ 
ling  to  a  finite-element  stress  code,  HONDO 
(18). 

9.  Gas-Phase  Reactions.  This  area  encom- 
pases  the  major  differences  between  our  model 
and  those  of  others.  Based  on  the  phenomena 
and  rationale  presented  in  Reference  1,  it 
seemed  mandatory  to  separate  the  rate  of 
energy  release  from  the  rate  of  solid  gasifica¬ 
tion.  Most  other  models  utilize  a  single  reaction 
step  of  solid  going  to  final  products  with  con¬ 
comitant  equilibrium  energy  release  at  a  rate 
given  by  a  burn  rate  (usually  r=Cpn).  All  the 
experimental  and  analytical  data  pointed  to  the 
need  for  at  least  a  two-step  energy  release  dur¬ 
ing  the  transient  period,  with  only  a  portion  of 
the  energy,  that  associated  with  the  pyrolysis, 
being  directly  related  to  the  condensed  phase- 
conversion  (pyrolysis)  rate.  The  rate  of  release 
of  the  remaining  energy,  due  to  the  conversion 
of  reactive  intermediate  gaseous  products  to 
products  of  final  molecular  weight  is  assumed 
to  be  controlled  by  second-order,  reaction 
kinetics  (Arrhenius  form)  in  each  control 
volume. 

To  accomplish  this,  three  additional  conser¬ 
vation  equations  had  to  be  added  to  track  in¬ 
dividually  the  mass  of  reactive  intermediate 
(pyrolysis)  gas  and  totally  reacted  gas.  as  well 
as  the  molar  density  of  the  gas.  The  auxiliary 
relations  employed  include  the  mass  rate  of  gas 
due  to  surface  pyrolysis  and  a  second-order,  Ar¬ 
rhenius  kinetic  reaction,  for  transfer  from  the 
pyrolysis  products  to  the  final-products  state. 
The  energy  conservation  equation  was  modified 
to  reflect  the  partial-energy  release  associated 
with  the  pyrolysis,  and  the  independently  con¬ 
trolled  release  of  the  remainder,  associated  with 
the  gas  phase  reaction. 


These  equations  are  solved  by  forward- 
differencing  methods,  with  very  close  control  of 
the  calculational  time  increment  with  relation¬ 
ship  to  the  most  critical  variable.  It  utilizes  an 
artificial  viscosity  for  stability,  which  is  cast  in 
the  modified  Rusinov  form  employed  by  Raer 
and  Nunziato  (19). 

The  failure  to  reference  the  many  other  re¬ 
searchers  involved  in  this  field  should  not  be 
construed  as  ignorance  of  or  lack  of  apprecia¬ 
tion  of  their  efforts.  We  have  simply  limited  our 
references  to  those  with  direct  bearing  to  our 
model  and  this  paper. 

The  situation  modeled  is  depicted  in  Figure 
1  showing  the  igniter  A,  the  sample  B,  and  the 
tube,  or  confinement,  C.  The  sample  is  described 
in  terms  of  initial  loading  density  (%  TMD), 
compaction  properties,  material  decomposition/ 
pyrolysis  kinetics  and  energetics,  gas-phase 
reaction  kinetics  and  energetics,  thermal  proper¬ 
ties  of  the  particle,  particle  diameter,  and  the 
obvious  initial  conditions  of  pressure  and 
temperature.  The  confinement  is  described  in 
terms  of  dilations  of  the  tube  is  stress  analysis 
described  as  for  a  normal  (although  to  date,  all 
runs  have  treated  the  tube  as  infinitely  strong 
—  no  dilation).  The  required  input  parameters 
are  listed  below. 


A.  IGNITER  STRENGTH 

6  SAMPLE 

•  LOAOINO  DENSITY 

•  COMPACTION  PROPERTIES 

•  INTERGRANULAR  STRESS 

•  MATERIAL  DECOMPOSITION, TVROLYSlS 

•  SURFACE  HEAT  RELEASE 

•  GAS  PHASE  REACTIONS 

•  THERMAL  CONDUCTIVITY  OF  SOLIO 

•  PARTICLE  DIAMETER 

•  'IGNITION  CRITERIA  *  SPECIAL  CASE 

•  PRI  -PRESSURIZATION 
C  CONFINEMENT 

Fig.  1.  Situation  Modeled 

INPUT  PA  RAM  KTKRS  REQUIRED 

TUBE 
Diameter 
Length 
Thickness 
Material  Properties 


IGNITER 

Weight 

Particle  Diameter 
Burn  Rate  (C,n) 

Energy  Release 

Molecular  Weight  of  Products 

Percent  Condensible  in  Products 

CHARGE 
%  TMD 

Ullage  (Void  Region) 

Particle  “Roughness,”  if  nonspherical 
Burn  Rate  (C.n)  (Note:  This  is  an  option  for 
comparison.) 

Pyrolysis  Rate  (As,  Es) 

Pyrolysis  -*  Final  Products  Rate  (Ag,Eg) 
Molecular  Weights  (Pyrolysis,  Final 
Products) 

Properties  of  Solid  (thermal  conductivity 
diffusivity,  specific  heat,  density) 
Mechanical  Properties,  Compaction  Model 
(Stress  Free  Porosity,  Shear  Modulus, 
Yield  Stress) 

Initial  Temperature  and  Pressure 
Gas  Viscosity 

Gas  V-Columc  (as  a  function  of 
gas-density) 

For  each  calculation,  gas  pressure,  gas 
temperature,  particle  surface  temperature,  com¬ 
paction  (%TMD),  intergranular  stress,  ‘flame” 
development,  and  the  fraction  of  pyrolyzed  and 
totally-reacted  gases  as  a  function  of  time  and 
distance  are  among  the  variables  which  are 
recorded  and  may  be  plotted. 

SOME  KBSl'LTS  OF  CALCULATIONS 

As  a  check  of  the  validity  of  the  hydro- 
dynamic  equations,  a  case  was  calculated  in 
which  an  igniter,  localized  at  one  end,  was  fired 
into  an  empty  tube.  (Actually  a  tube  with  4.5 
‘  i  T.MI)  of  particles.)  No  heat  transfer,  drag,  or 
reactions  were  present.  The  resulting  pres¬ 
sure-time  behavior,  shown  in  Figure  2,  predicts 
a  typical  shock-tube  type  behavior  with  pres¬ 
sure  oscillations,  out  of  phase  at  the  opposite 
ends  of  the  lube,  with  the  mean  value  growing 
until  the  igniter  burns  out,  A  second  similar 
case  was  run.  in  which  the  tube  w'as  loaded  to 
60  4G  TM1)  with  spherical  particles.  Heat 
transfer  to  the  particles  was  considered,  but 
neither  particle  drag  nor  c  hemic  a!  reaction  w  as 
allowed  The  results  in  Figure  3  indicate  a 


Fig.  2.  Pressure-time  behavior  of  tube  with  4.5% 
TMD  particle  loading,  no  heat  transfer  drag  or 
reaction  of  particles 
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Fig.  Pressure-time  behavior,  60.4%  TMD 
particle  loading,  heat  transfer  from  gas  to  par¬ 
ticles,  no  drag,  no  reaction  of  particles 

similar  behav  ior.  The  initial  igniter-end  pressure 
is  higher,  due  to  the  higher  igniter  loading  den¬ 
sity,  but  the  heat  transferred  to  the  particles 
rapidly  leads  to  lower  mean  pressures,  and  an 
expectedly  lower  frequency  of  oscillation  due  to 
lower  sonic  velocities.  A  third  case  was  in¬ 
vestigated,  similar  to  the  second,  adding  the 


effect  of  particle  drag.  The  results  in  Figure  4 
show  rapid  pressurization  of  the  igniter-end, 
while  the  combination  of  drag-induced  compac¬ 
tion  and  convection  heat  loss  from  the  gas  serve 
to  limit  severely  the  pressure  response  at  either 
center  or  far-wall  positions. 
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Fig.  4.  Pressure-time  behavior.  60.4l\  TMD  par¬ 
ticle  loading,  heat  transfer  from  gas  to  particles, 
drag,  no  reaction  of  particles 

The  next  step  was  to  consider  igniter  firing 
into  live,  relatively  incompressible  propellant, 
such  as  ball  powders.  Several  investigators  have 
studied  this  situation  in  a  manner  different  from 
the  more  familiar  DDT  tube  type  of  experi¬ 
ments.  These  experiments  were  concerned  with 
the  early  portion  of  the  event  and  utilized 
pressure  transducers  down  the  tube.  Their 
results  show  crossing  of  the  individual 
transducer  traces.  The  typical  ‘‘cross-over"  of 
pressure  time  histories  at  discrete  gauge  loca¬ 
tions  is  well  demonstrated  in  the  work  of  Gerri 
et  al  (20),  and  that  of  Alkidas  et  al  (21).  A 
calculation  was  made,  attempting  to  utilize 
parameters  consistent  with  an  experiment  in 
the  former  reference,  and  the  resulting 
calculated  pressure-time  histories  at  the  four  ac¬ 
tual  pressure  guage  locations  are  shown  in 
Figure  5,  Although  not  an  exact  match  for  the 
experimental  data,  the  agreement  in  shape, 
timing,  and  relative  magnitude  appear  to  be 
quite  excellent.  The  corresponding  pressure- 
distance  profiles  at  five  different  times  are 


shown  in.  Figure  6.  The  steepening  (and  accelera¬ 
tion)  of  the  pressure  front  with  time  is  quite  evi¬ 
dent.  In  Gerri's  experiments,  a  rupture  disc 
limited  pressures  at  the  end  wall  opposite  the 
igniter.  In  our  analysis,  the  calculations  were 
simply  halted  at  that  time.  The  factors  leading 
to  the  “peaking”  and  acceleration  of  the 
pressure  front  are  direct  causes  of  the  pressure¬ 
time  “cross-over”  phenomena,  and  the  often- 
referenced  “negative  pressure  gradient.” 


Fig.  5.  Pressure  vs.  time  at  4  locations,  show¬ 
ing  crossing  of  the  curves  as  in  Gerri’s 
experiments 


Fig.  6.  Pressure  vs  distance  at  5  times 


Gerri's  experiment  utilized  a  rather  short 
duration  (or  hard)  igniter  system,  being  con¬ 
ducted  as  part  of  an  artillery  research  program. 
Most  investigations  of  porous  bed  transition 
pehnomena  utilize  a  longer  duration  (or  soft) 
ignition  system,  to  better  separate  combustion 
and  mechanical  effects.  The  results  of  calcula¬ 
tions  made  with  such  an  igniter  system,  in  a 
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Fig.  7.  Typical  gas  pressure-distance-time 
results  of  analytical  modeling  of  DDT  tube  ex¬ 
periments  using  ball  powder 
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Fig  X  Compaction  (•  TMD/  i  s  distance  plots 
Ike  bed  was  a!  60 -P ,  TMD  at  tune  zero 


(a)  1.216  msec,  0.4°?<  of  solid  has  gasified 


Fig  0.  Fraction  of  gases  due  to  pyrolysis  and 
fraction  of  final  gases 


geometry  typical  of  the  DDT  tube  or  ‘’pipe’' 
test,  are  shown  in  Figures  7-9.  A  spherical  pro¬ 
pellant  (undeterred  ball  powder)  was  the  bed 
material,  loaded  to  60.4%  TMD,  in  a  tube  12  in¬ 
ches  long,  with  a  l/!-inch  igniter-end  ullage. 


The  computations  were  made  for  424  pn 
diameter  ball  powder.  The  reasons  for  the  choice 
of  the  material  were  that  the  sample  geometry, 
compaction  parameters,  and  transient  combus¬ 
tion  parameters  were  known,  for  these  mate¬ 
rials.  The  igniter  action  time  was  several  milli¬ 
seconds,  rather  that  the  microseconds  modeled 
in  the  previous  case. 

Figure  7  presents  the  gas  pressure-distance 
plots  for  various  times.  The  solid  curve  shows 
the  piossure  at  1.719  msec  after  igniter  initia¬ 
tion.  Note  the  low  value  of  pressure,  only  ap¬ 
proximately  12,000  psi.  This  pressure  is  due  to 
the  igniter  and  a  small  amount  of  pyrolysis 
gases  (less  than  1.6%  of  the  solid  has  reacted 
to  gas).  At  1.835  msec,  the  pressure  has  reached 
76,000  psi,  6.9%  of  the  solid  has  gasified  and 
reaction  of  pyrolysis  gases  to  final  products  has 
started  (as  will  be  shown  in  Figure  9).  At  10  psec 
later,  the  maximum  pressure  has  increased  from 
76  to  146  kpsi  and  moved  from  about  4  to  4.6 
inches  down  the  tube  and  the  amount  of  solid 
gasified  from  6.9  to  10.4%.  At  11  psec  later,  the 
maximum  pressure  has  gone  from  150  to  350 
kpsi  and  from  4.6  inches  to  over  5.2  inches  down 
the  tube,  the  amount  of  solid  gasified  has  gone 
from  10.4  to  20.6%  ,  and  the  dp/dl  at  Pmnx  has 
reached  approximately  10]O  psi/sec.  This  case 
most  likely  would  have  resulted  in  a  detonation. 

The  compaction  profiles  for  this  case  which 
started  with  the  tube  being  uniformly  full  to 
60.4%  TMD  at  time  zero  are  shown  in  Figure 
8.  Even  for  hard  spheres,  such  as  ball  powder, 
significant  compaction  is  seen.  At  1.719  msec 
the  material  that  had  been  at  the  head  end  of 
the  tube  has  been  displaced  down  the  tube. 
Since  only  1.6%  of  the  solid  has  gasified  at  this 
time,  the  low  values  of  the  TMD  at  the  igniter 
end  is  due  almost  entirely  to  displacement  of 
material  caused  by  the  igniter  rather  than  by 
ignition  and  reaction  of  the  powder.  (Remember 
that  the  tube  was  originally  filled  to  60.4% 
TMD.)  At  1.836  msec  the  compacted  region  has 
moved  down  the  tube.  The  third  time.  1.845 
msec,  shows  a  decrease  in  the  amplitude  of  the 
compaction.  This  is  primarily  due  to  reaction 
consuming  the  solid  (as  will  be  seen  in  Figure 
9).  The  last  curve  corresponding  to  end  of  run, 
1.856  msec,  shows  little  compaction  with  the 
backside  of  the  compacted  region  (~  4-  to  8-inch 
region)  having  been  consumed  by  gasification. 
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(c)  1.856  msec,  20.6 •  of  solid  has  gasified 

Fig.  9.  Fraction  of  gases  due  to  pyrolysis  and 
fraction  of  final  gases 

Figures  9a-9c  show  the  change  in  fraction  of 
gases  that  are  pyrolysis  products  and  fraction 
of  gases  that  are  final  product  gases.  The  dif¬ 
ference  between  100%  and  the  sum  of  the  two 
curves  is  due  to  igniter  gases  and  the  gases  that 
were  originally  in  the  tube.  (Note:  The  curves 
only  give  the  portion  of  the  gas  as  pyrolysis 
products  and  final  products.  It  does  not  indicate 
how  much  solid  has  gasified.  The  amount  of 
solid  that  has  gasified  is  calculated  and  will  be 
presented  in  discussion  of  the  figures.]  In  Figure 
9a  while  only  0.4%  of  the  solid  has  been  con¬ 
verted  to  gas,  the  pyrolysis  products  are  a 
significant  portion  of  the  gas  in  the  tube  and 
there  has  not  been  much  reaction  of  the 
pyrolysis  gases  to  final  products.  In  Figure  9b 
1.6%  of  the  solid  has  gasified  with  pyrolysis 
products  being  formed  downstream  and  conver¬ 
sion  of  pyrolysis  products  to  final  products  near 
the  head  end.  Figure  9c  (20.6%  of  the  solid  has 
gasified)  shows  that  pyrolysis  reactions  have 
reached  the  end  of  the  tube  and  reaction  has 
reached  almost  10  inches  down  the  tube.  The 
Pmax  of  350,000  psi  occurs  at  approximately  5.3 
inches  and  the  dp/dt  at  this  point  is  greater  than 
10!0  psi/sec. 

The  above  ca'culations  are  presented  as  ex¬ 
amples.  Many  other  calculations  have  been 


performed  with  several  presented  in  Reference 
22.  Most  of  the  calculations  were  for  single 
parameter  variations,  that  is,  only  on  input 
parameter  at  a  time  was  varied.  The  variations 
included  change  in  gas  phase  kinetic  parameters 
up  to  the  infinitely  fast  reactions  assumed  by 
others,  particle  size,  material  properties,  igniter 
strength,  loading  density  (initial  %  TMD), 
material  roughness,  imuuu  tcuipci  atUi  c, 

tube  diameter  and  wall  friction,  and  prepres¬ 
surization  with  nitrogen  gas. 


Additional  studies  of  such  systems,  both 
analytical  and  experimental,  are  underway,  as 
well  as  development  of  techniques  for  determin¬ 
ing  the  proper  description  of  a  given  material 
in  terms  of  the  model  parameters.  These  include 
the  kinetics,  energetics,  and  thermal  and  me¬ 
chanical  response  of  the  chosen  test  material. 


CONCLUSIONS 

We  have  constructed  a  model  which  includes 
a  mathematical  description  of  the  transient 
combustion  processes.  This  inclusion  of  the 
transient  combustion  processes  differentiates 
our  work  from  the  work  of  others  who  largely 
use  ignition  criteria  and  steady  state  burning 
relationships.  We  have  demonstrated  the  validi¬ 
ty  (and  stability)  of  the  code  by  treating  cases 
of  increasing  complexity,  and  have  shown  an 
agreement  with  experimental  observations  in 
each  case.  The  model  as  now  constructed 
utilizes  the  best  constitutive  (or  auxiliary)  rela¬ 
tions  available  to  us,  but  its  structure  is  such 
that  incorporation  of  a  better  representation  of 
any  of  the  phenomena  is  on  easy  task,  should 
such  description(s)  become  available. 

Our  inclusion  of  gas-phase  reactions,  and  the 
consequent  separation  of  gas-  and  energy- 
generation  rates,  enables  us  to  more  realistically 
describe  the  deflagration  portion  of  the 
deflagration  to  detonation  transition.  This  is  in 
marked  contrast  to  the  models  of  others  who 
must  use  artificially  high  “ignition”  tempera¬ 
tures  in  order  to  delay  pressurization  and  use 
unrealistic  "burn-rate-exponents"  or  burn  area 
to  achieve  the  accelerating,  steepening  pressure 
profile.  In  our  work  we  have  attempted  to  model 
the  transition  process  as  a  continuous,  albeit 
rapidly  changing,  process  without  recourse  to 
criteria  or  switches  to  proceed  from  one  combus¬ 
tion  "phase"  to  another 
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DISCUSSION 

MARTIN  SUMMERFIELD,  Princeton 
Comb.  Research  Laboratory,  New  Jersey 

I  believe  the  general  theoretical  approach 
described  in  this  progress  report  is  sound.  We 
should  all  await  with  optimism  further  results 
of  the  work. 

What  is  the  physical  meaning  of  the  state¬ 
ment  in  the  conclusion  that  the  model  requires 
no  further  “switching"?  I  interpret  this  to  mean 
that,  for  example,  no  additional  chemical  reac¬ 
tions  need  be  introduced  in  the  model.  But,  are 
the  authors  sure  that,  at  high  pressure 
developed  in  the  advancing,  growing  pressure 
wave,  no  condensed-phase  exothermic  chemical 
reactions  occur?  Their  model  has  no  condensed 
phase  chemical  reactions,  but  there  are  many 
experiments  with  shocks  weaker  than  the 
threshold  required  to  cause  detonation  in  high 
explosives  that  indicates  that  chemical  reaction 
can  be  caused  by  high  pressure.  Why  not  in¬ 
clude  a  term  for  such  condensed  phase  reaction 
in  the  model? 

REPLY  BY  ('.  PRICE 

Thank  you  for  the  compliment. 

When  we  say  that  we  have  modeled  the  pro¬ 
cess  without  recourse  to  criteria  or  switches  to 
proceed  from  one  combustion  "phase"  to 
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another,  we  are  really  trying  to  highlight  how 
our  work  differs  from  others.  Almost  all  other 
DDT  models  treat  the  behavior  of  a  particle  as 
either  inert  heating  (off)  or  fully  developed  com¬ 
bustion  (on)  with  equilibrium  energy  release  and 
a  pressure  dependent  rate,  usually  given  by  r 
=  Cgn.  The  switch  from  off  to  on  occurs  as  a 
step  function  and  at  a  point  referred  to  as  the 
“ignition  criteria."  This  ignition  criteria  is 
usually  cast  in  terms  of  a  critical  surface 
temperature  or  when  the  sample  has  received 
some  critical  energy  input. 

In  contrast,  we  do  not  use  off-on  switches  nor 
ignition  criteria.  Instead  we  model  the  process: 

solid _ 1 _ -*  reactive  intermediate 

gaseous  products  j-  final  products 

with  individual  rates  and  energy  releases  for 
reaction  1  and  2.  The  description  is  continuous 
rather  than  discontinuous. 

The  point  about  condensed  phase  reactions  is 
well  taken.  At  the  time  the  paper  was  written, 
we  had  included  such  reactions  in  the  model  but 
we  had  not  had  sufficient  time  to  run  example 
cases.  Thus  the  paper  presented  an  earlier  ver¬ 
sion  of  the  mode!  and  its  example  cases. 
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A  SEMI-ANALYTICAL  APPROACH  TO  SHOCK  INITIATION  IN 
HETEROGENEOUS  EXPLOSIVES 


Y.  K.  Huang,  A  L.  Arbuckle 
US  Army  Ballistic  Research  Laboratory 
US  Army  Material  Command 
Aberdeen  Proving  Ground,  MD  21005-5066 


We  have  described  a  partially  reacted  explosive  as  a  two-phase, 
multicomponent  mixture  with  Hugoniot  states  determined  by  the 
component  Hugoniots  or  equations  of  state  and  the  mass  fraction 
decomposed.  Shock-to-detonation  transition  is  then  represented  by 
an  appropriate  succession  of  such  states.  This  leads  to  a  semi- 
analytical  model  of  explosive  burn. 


INTRODUCTION 

When  a  heterogeneous  solid  explosive  is  sub¬ 
jected  to  shock  compression,  it  is  liable  to 
decompose,  liberating  energy  which  in  turn  ac¬ 
celerates  the  initial  shock  into  a  detonation. 
This  shock-to-detonation  problem  is  quite  a 
challenge,  calling  for  considerable  effort  to  reach 
a  solution  as  exemplified  by  the  work  of  Mader 
(1)  and  Lee  and  Tarver  (2).  These  investigators 
modeled  shock  initiation  of  explosives  numer¬ 
ically.  Their  methodology  is  very  specialized 
and  some  aspects  of  their  characterization  of 
the  explosive  behavior  and  properties  are  not 
definitive.  In  this  investigation  we  have  taken 
a  simpler  approach,  and  our  results  should  be 
of  interest  to  the  reader  who  seeks  some  insight 
into  the  problem. 

The  essense  of  our  treatment  is  outlined  as 
follows.  We  begin  with  a  basic  treatment  of  the 
equations  for  reactive  shock  waves  in  which  the 
partially  reacted  explosive  is  regarded  as  a  two- 
phase,  multicomponent  mixture.  Equations  of 
state  or  Hugoniots  for  each  phase  are  assumed 
to  be  known.  Using  these  we  construct  the  two- 
phase  Hugoniot  for  a  given  decomposition  frac¬ 
tion.  The  shock  buildup  to  detonation  may  then 
be  considered  as  a  succession  of  shocked  states 
with  decomposition  fraction  increasing  from  0 
to  1.  From  these  we  derive  a  new  model  of  ex¬ 
plosive  burn.  The  time  dependence  of  this  model 
is  then  given  with  the  rate  of  shock  buildup 


characterized  essentially  by  the  Pop  plot.  Final¬ 
ly,  we  give  computed  results  using  both  analy¬ 
tical  and  experimental  constants  as  input  data. 

REACTIVE  SHOCK  WAVES 

Interaction  between  a  shock  wave  and  an  ex¬ 
plosive  poses  a  complicated  problem.  Chemical 
reaction  generates  both  energy  and  product 
gases  in  the  presence  of  unreacted  solid.  The 
shock  wave  may  be  accelerated  and  may  even¬ 
tually  become  a  steady  detonation.  Let  l, 
(0  <  4  £  1)  represent  the  mass  fraction  of 
solid  that  has  been  decomposed  into  gases.  The 
enthalpy  of  the  two-phase  mixture  is  given  by 
II  ■=  iHjr  +  11-41  Hs  where  the  subscripts  g 
and  s  refer  to  the  gas  and  solid  phases  respec¬ 
tively  We  assume  that  the  two  phases  are  in 
thermodynamic  equilibrium,  with  Pg=Ps=P 
and  i.,='is=  <(>.  From  thermodynamics  we  have 
H  =  IT(P,  and  dll  =  d  (E  +  PV)  =  Td$  +  VdP. 
where  P,  V,  1’,  E,  and  $  denote  pressure,  volume, 
temperature,  internal  energy,  and  entropy 
respectively.  Thus, 

V  =  <3H  /3i%  =  4<3iy3P)*  + 

(1) 

(l-il(3Hs'3PH  =  4V  +  ( 1  — 4)  Vs 


T  =  («)D  =  4(|?fi)D  +  U-|)  (45s) 


dr*  ~  9vp 

=  ry  +  n-g)Ts 


(2) 


m 


E  =  |Hg  +  (1— |)HS— P  [|Vg  +  (1-|)VS) 

=  |Eg  +  (1-4)ES  (3) 

Schematically  we  have  established  five  simple 
relations  which  determine  the  frozen  state 
(P,V,T,E,  0<4<1)  in  terms  of  the  phase  states 

(Pg,  V  Tg,  Eg,  4>g.  |  =  1)  and  (Ps,  V?,  Ts,  Es,  4S, 
|=0).  For  heuristic  purposes,  we  first  use  the 
y-law  gas  equation  of  state  and  the  linear  solid 
Hugoniot  to  derive  the  two-phase  relation  for 
the  mixture.  Later  we  will  also  use  the  JWL 
equation  for  both  phases  to  increase  accuracy. 

Thus,  the  y-law  gas  (4=1)  is  simply  charac¬ 
terized  as  follows: 

v  =  v  r  Pg  +  !>po  | 
g  °l  (y  +  l)  Pg  +  <y-l)P0  J  (4) 

Eg  =  E0  +  »/*  (V0— V  )  (Pg  +  P0)  (5) 


T„  =  Tg(Vg)  -  dTg  +  [g  T  = 
dv«  \ 

J  hVo-VgJ^  +  fPg-Po)] 


TH  =  Th(Vh)  -  +  12.  Th  = 

dVH  VH  H 


2^[,V--V,‘I^+PH1  U0' 
<f>8=  cvs  In  [  T«  (Xli)1"3  ]  with  Tj  =  298  °K 

Tl  v0 

It  is  now  essential  to  locate  the  state  point  (Pa, 
Va,  Ta,  Ea,  <{>s,  4=0)  by  solving  for  Va  with 
lt’s^a)=<Tlg  an<^  Ta=TH(Va).  We  also  have 
P„=Ph  Wa)  and  Ea=EH  (Va).  Starting  from 
this  state  point  we  construct  an  isentrope: 


ps=ps(vs) 


^  +  Ef  ps 

dVs  Vs 


ir  I1  -  w-  pn  1 


E,  =  '/!  (V0-V,l  P„  +  fs  (P,-P„) 

s 

with  Pn  =  P„  <VS) 


f  ip5  (  v*  ) 

1  o  v  o 

Here  the  parameters  y.  V0.  P0.  E0  and  T0 
denote  properties  of  the  detonation  products. 
They  are  given  bv  y=e0D2  /  P  -1,  V0=l  /  Qa, 
I5o=  'V  Ko-Wy-H.  and  T0  *T 

(V,V(,)r«  where  q0,  D,  PJf  V,  and  are,  respec¬ 
tively.  the  initial  density,  detonation  velocity, 
CJ  pressure,  CJ  volume,  and  CJ  temperature  of 
the  explosive.  Note  that  the  Griineisen  constant 
Cg  and  specific  heat  Cvg  are  to  be  determined 
by  Equations  (A5)  and  (A6)  of  Appendix  A. 

Collaterally,  the  unreacted  explosives  (4=0) 
is  described  as  a  Griineisen  solid  with  linear 
shock  Hugoniot  Us=C  +  S  Up  where  Us  and  Up 
denote  shock  and  particle  velocities,  C  and  S  be¬ 
ing  empirical  contants.  The  following  algorithm 
is  meant  to  be  tractably  concise: 

P|1  ~  C*  <V0-V„|  [V, -SIV, -V,,)  |2  (8) 

Eh  =  «V0-V„)  p„  (9) 


Ts=Tn  +  (Ps-P„)  with  Tn=Tn(Vs) 

S  VS  (14) 

Note  that  numerical  integration  of  Equation 
(12)  needs  to  be  done  from  Va  to  Vs  until  Ps  (Vg) 
=  Pg.  Thus,  our  algorithm  involves  two  itera¬ 
tion  procedures  which  compute  the  phase  states 
using  Equations  (4) — (1 4).  The  mixture  state 
follows  from  P=Pg=Ps,  ^=^g=fs,  and  Equa¬ 
tions  U) -(3).  A  more  crude  description  is  given 
in  Appendix  B. 

EXPLOSIVE  BURN  MODELS 
Let  us  rewrite  Equation  (1)  to  give 

4  =  (V-V8)  /  (Vg-Vs)  (15) 

If  we  adopt  the  linear  reactive  shock  (buildup) 
Hugoniot  (1,3)  which  implies 

P=c,2  (V0-V)  /  IV0-SJ(V0-V)  l2  (16) 

where  e0  is  the  bulk  sound  velocity  in  the  ex¬ 
plosive  and  S:=  (y+l)  { 1  — c0/D),  then  we  can 
compute  V,  Vg,  and  Vg  using  Equations  (16), 
(3  2)  and  (4)  in  order  to  determine  4  for  a  given 
P.  Equation  (15)  gives  a  more  realistic  model 


than  the  CJ  volume  burn  (1),  4=(V0— V)/ 

(Vo-Vj). 

So  far  we  have  been  concerned  with  a  two- 
phase  equation  and  its  implications  in  shock  in¬ 
itiation,  regardless  of  rate  effect  or  time  depen¬ 
dence.  In  what  follows  we  will  look  for  some 
missing  links  to  complete  the  framework  of  this 
investigation. 

The  Pop  plot  [1,  3,  4]  is  a  valuable  descriptor 
of  shock  initiation  behavior.  Let  us  denote  this 
by  Pjm0  =  k  where  P;  is  the  initial  shock 
pressure,  8  the  time  of  shock  buildup  to  detona¬ 
tion,  and  m  and  k  are  two  experimental  con¬ 
stants.  We  shall  see  that  the  following  rate  pro¬ 
cess,  which  is  consistent  with  the  Pop  Plot,  can 
be  incorporated  into  our  two-phase  burn  model 
nicely: 

dP'dt  =  AP”  (17) 

Here  P  is  the  shock  pressure  at  time  t  and  A 
and  n  are  two  adjustable  constants.  Integrating 
Equation  (17)  from  P  =  P,  at  t  =0  gives 

P  =  P,  [  l-A(n-l)  P,n  1  t  j  111  m  (18) 

Using  P=P,  and  t -0  in  Equation  (18)  and  com¬ 
paring  with  the  Pop  plot,  we  deduce  n  =  1  +  m, 
and  A=(mk)  1  ( 1  — (P,  Pj)m  j.  Thus,  the  two- 
parameter  model  of  Equation  (17)  is  justifiable. 
Since  4  is  an  implicit  function  of  P,  Equations 
(15)  and  (18)  can  be  used  to  compute  the  rate 
of  burning  for  the  entire  shock-to-cietonation 
process  Our  two-phase  relation  can  be  used  to 
complete  the  description  of  the  buildup  of  the 
reactive  shock  waves  in  a  succession  of  states. 

COMPUTED  RESULTS 


PS=AS(1-WS/RSVS)  exp  (— RSVS)  + 
Bs(l-Ws/SsVs)  exp  (-SsVs)  +  (20) 

WSES/VS 

with  all  the  V’s  and  E’s  already  divided  by  V0. 

On  the  other  hand,  the  JWL  equations  are 
more  accurate  because  they  are  based  on 
cylinder  test  data  (2,  5).  In  Tables  1  and  2, 
LX- 17  is  the  same  plastic-bonded  explosive  as 
RX-03-BB  (92.5%  TATB,  7.5%  Kel-F800),  but 
its  experimental  data  are  considered  to  be  more 
refined  (6).  Likewise,  PBX-9404R  is  updated  (6) 
as  shown  in  Table  2.  Since  parameter  A  of  Equa¬ 
tions  (17)  and  (18)  has  to  be  determined  with  a 
given  initial  shock  P,,  it  is  not  listed  side  by  side 
with  n  in  Table  1. 


cm  OT«  0*0  04*  now  0«  Ofe  1C*. 
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Fig  1  Partially  reacted  and  reactive  Hugoniots 
(or  PBX-9-KH  in  the  P-V  plane 


I  n  order  to  derive  meaningful  results,  special 
attention  should  be  paid  to  the  choice  of  reliable 
data  as  input  We  need  welt  calibrated  shock 
properly  and  detonation  constants  for  explo¬ 
sives  which  have  been  tested  sufficiently. 
'Fables  1  and  2  give  such  data  from  references 
(2.  4.  5,  and  6).  Note  that  our  y-law  calculation 
requires  less  input  data  than  a  similar  version 
using  the  JWL  equations,  which  are 

*  *  ~  ^  g  g*  exP  *  ~  ^g^'  g*  + 

Bgll  -  Wg  SgVg)  exp  (-SgVg)  +  (19) 


Using  the  data  from  Tables  1  and  2  in  Equa¬ 
tions  (1)  through  (20),  we  have  carried  out  de¬ 
tailed  computations.  In  this  paper  we  present 
only  the  results  for  PBX-9404  as  plotted  in 
Figures  1  through  6.  Similar  features  are  shared 
by  the  computed  results  for  the  other  explosives 
(7).  In  Figure  1,  the  solid  lines  describe  the  JWL 
version  of  the  two-phase  equation  F(P,  V,  E,  |) 
=  0  based  on  Equations  (1),  (2).  (16),  (19),  and 
(20).  and  the  dotted  lines  are  corresponding  y- 
law  results  from  Equations  (1)  through  (14). 
These  results  are  also  mapped  in  the  Us-Up 
plane  (Figure  2)  as  partially  reacted  shock 
Hugoniots  bounded  by  the  unreacted  (4=0)  and 


TABLE  1 

Parameters  for  y-Law  Calculation 


Cast  TNT  [2] 

PETN  (2J 

RX-03-BB  [2J 

PBX-9404  [2J 

LX-1 7[6] 

PBX-9404R[6J 

*  von  Neumann  spike  parameters.  All  m,  k,  n.  data  are  taken  from  Reference  (•!). 


detonation  (4=1)  Hugonicts.  In  Figure  3  we 
compare  Equation  (15)  (using  both  y-law  and 
JVVL  equations),  with  the  CJ  volume  burn.  Com¬ 
bined  with  the  two-phase  Hugoniot,  this  yields 
the  single  buildup  curve  of  Figure  4.  Figure  5 
shows  the  transient  shock  buildup  of  Equation 
I  IK)  from  three  initial  pressures,  P,.  which  faM 
within  the  range  of  validity  of  the  Pop  plot  (4). 
Figure  P  is  a  consequence  of  Figures  4  and 

DISCI  SSION  AND  CONCLCSION 

Our  t  wo-phase  equation  of  state  evaluation  of¬ 
fers  a  short  cut  for  characterizing  the  states  and 
changes  involved  in  u  shock-to-detonation  tran¬ 
sition  process.  As  shown  in  P’igures  1  and  2,  the 
partially  reacted  Hugoniot  curves  describe  the 
two-phase  shocked  states  with  chemical  reac¬ 
tion  frozen  at  levels  between  4  =  0  and  4=1  in 
increments  of  0.1.  Thus  we  have  simplified  our 
treatment  considerably  without  calling  for  ther¬ 
mal  and  chemical  equilibria.  Our  analysis  has 
been  further  enhanced  by  the  use  of  the  linear 
reactive  shock  Hugoniot  (1.  3)  describing  single 


curve  buildup  (the 
in  Figures  1  and  2), 
the  JWI,  results 


iup  (the  curve  intersecting  all  others 
1  and  2).  Our  y-law  results  differ  from 
results  for  two  reasons.  While  the 
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Fig.  2.  Partially  reacted  and  reactive  Hugoniots 
for  PHX-9KP1  in  the  Us  -  Up  plane 


TABLE  2 

Parameters  for  JWL  Calculation 


RX-03-BB  [2] 

PBX-9404  [2] 

LX- 17  [6] 

PBX-9404R  [6) 

Q0  (g/cm3) 

1.61 

1.75 

1.90 

1.842 

1.895 

1.84 

D  (mm  /  ps) 

6.845 

8.21 

7.596 

8.80 

7.596 

8.80 

Pj  (GPa) 

21.0 

33.5 

27.5 

37.0 

27.5 

37.0 

Vt 

0.7317 

0.7953 

0.7492 

0.7403 

0.7492 

0.740 

Tj  (°K) 

2937 

3400 

2063 

2466 

2063 

2466 

y 

2.727 

2.640 

2.987 

2.851 

2.987 

2.846 

un  (inm/fis) 

2.547 

3.19 

2.46 

3.47 

2.336 

2.455 

P„  (GPa) 

28.1 

45.2 

35.5 

56.3 

33.7 

39.8 

C  (mm/ps) 

2.57 

2.30 

2.33 

2.30 

2.33 

2.26 

S 

1.678 

1.847 

2.141 

1.873 

2.254 

2.664 

c0  (mm/ps) 

2.57 

2.30 

2.33 

2.30 

2.33 

2.26 

si 

2.328 

2.621 

2.764 

2.844 

2.764 

2.858 

QlCil'a-cm  W) 

7.0 

10.1 

6.9 

10.2 

6.9 

10.2 

Ar  (GPa) 

371.2 

617.0 

654.67 

852.4 

654.67 

852.4 

B„  (GPa) 

3.231 

16.926 

7.1236 

18.02 

7.1236 

18.02 

C/  (GPa) 

1.045 

0.699 

0.80 

1.207 

0.80 

1.207 

4.15 

4.40 

4.45 

4.55 

4.45 

4.60 

0.95 

1.20 

1.20 

1.30 

1.20 

1.30 

VV« 

0.30 

0.25 

0.35 

0.38 

0.35 

0.38 

A„  (GPa) 

1.798X103 

3.746X103 

1.082X1 0'1 

6.969X103 

7.78 1 X 1 0‘1 

9.522X105 

Bs  (GPa) 

-93.1 

-  131.3 

-240.6 

-172.7 

-5.031 

-5.944 

Hs 

6  2 

7.2 

8.2 

7.8 

11.3 

14.1 

3.1 

3.6 

4.1 

3.9 

1.13 

1.41 

ws 

0.8926 

1.173 

1.251 

0.8578 

0.8939 

0.8867 

*  JWL  isentrope  (release  adiabat)  parameter 


unreaeted  shock  Hugoniot  ($=0)  tends  to  lower 
the  Haw  results  (dotted  lines),  the  release 
adiabat  (4=  1.0)  raises  them  as  clearly  shown  in 
Figures  1  and  2.  In  this  connection  the  JWL 
results  are  more  accurate. 

In  Figure  1.  there  are  nine  intersection  points 
between  the  reactive  shock  Mugoniot  and  the 
partially  reacted  Hugoniots  (4=0.1  to  0.9). 
These  repiesent  some  of  the  successive  states 
which  describe  the  single  curve  shock  buildup. 
Figure  3  is  generated  by  use  of  Equation  (15). 
This  offers  a  more  realistic  burn  model  than  the 


CJ  volume  burn  because  the  latter  makes  no  at¬ 
tempt  to  describe  parti  lly  reacted  states.  Note 
that  even  the  trend  of  CJ  volume  burn  is 
misleading  as  compared  with  our  two-phase 
prediction  in  Figure  4. 

It  is  convenient  to  consider  a  two-parameter 
expression  like  Equation  (17)  as  a  time-rate 
description  of  the  two-phase  buildup.  Since  the 
Fop  plot  is  a  two-parameter  representation  of 
shock-initiation  test  results,  we  find  it  is  most 
desirable  to  fit  Equation  (17)  with  these  param¬ 
eters  for  this  investigation.  So  we  have  used 
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Experimental 

Calculated 


and  a1  so  observed  in  Lagrange  analysis  of 
embedded  gauge  records  (15).  Mechanical 
dissipation  processes  or  endothermic  chemical 
reactions  can  be  added  to  the  model  when  they 
are  identified  and  measured  quantitatively. 
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Fig  3.  Pressure  Histories  for  a  3  GPa  sustained 
shock  ware  in  PBX  9-104 
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Fig.  5.  Particle  velocity  histories  of  a  sustained 
3.5  GPa  shock  wave  into  PBX  9404 
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Fig  I  Pressure  histories  for  a  3  GPa ,  0.33  ps 
shock  pulse  into  PBX  9404 


Fig.  6.  Particle  velocity  histories  fora  dynasil 
flyer  plate  short  duration  shock  pulse  in  PBX 
9401  3.o 
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Fig  7  Particle  velocity  histories  in  PBX  9404 
for  a  Kel-F  flyer  plate  short  duration  shock 
pulse 
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Equation  (18)  to  generate  the  shock  pressure 
histories  of  Figure  5  fo*-  three  initial  shocks 
which  are  typical  of  the  Pop  plot  range.  To  go 
a  step  further,  we  derived  the  reaction  histories 
of  Figure  6  as  a  consequence  of  Figures  4  and 
5.  Yet  it  is  especially  useful  to  relate  successive 
two-phase  states  to  time-dependent  processes. 
This  has  become  possible  in  this  work  by  incor¬ 
porating  the  Pop  plot  in  a  semi-analytical  model 
of  shock  buildup. 

In  conclusion,  this  investigation  is  concerned 
with  the  successive  states  of  a  solid  explosive 
undergoing  shock  initiation  and  buildup  to 
detonation.  We  compute  these  states  analytical¬ 
ly  by  means  of  a  two-phase  Hugoniot  which  is 
in  turn  determined  by  the  component  equations 
of  state  or  Hugoniots  and  a  decomposition 
parameter.  Any  desirable  equations  of  state  can 
be  chosen  for  the  characterization  of  unreacted 
explosive  and  reaction  products.  For  simplici¬ 
ty  as  well  as  accuracy,  we  have  used  the  linear 
solid  Hugoniot  and  y-law  gas  equations  of  state 
as  well  as  J  WL  equations  of  state.  To  model  the 
change  of  states  by  a  rate  process,  we  have  in¬ 
troduced  an  equation  for  the  tin.*  rate  of  shock 
buildup  to  be  based  on  Pop  plot  data.  Out  two- 
phase  states  and  two-parameter  time  rate  for 
the  change  of  states  provide  a  detailed  assess¬ 
ment  of  shock  initiation  in  solid  explosives.  Our 
methods  and  results  are  meant  to  be  practical 
rather  than  sophisticated. 

Our  approach  has  been  developed  with  an  eye 
toward  numerical  modeling  of  reactive  shock 
waves.  Since  partially  reacted  s.ates  are 
described  in  a  physically  consistent  manner,  it 
can  be  used  in  a  fashion  analogous  to  the  CJ 
volume  burn  model.  Then  an  independent  burn 
model  can  be  used  to  describe  reaction  in  the 
region  downstream  of  the  shock. 

APPENDIX  A 

Gaseous  detonation  products  may  be 
characterized  adiabatically  by 

PVi'  =  »  Vjf  ,  y  =  -  < din  P  /  3  In  V)<}>  (Al) 

TVre  =  Tj  V/K  .  ( g  =  -  [din  T  /  3  In  V)  <f> 

(A2) 

From  these  follow* 


T  (  dj_  \  _  /  3H  \ 

p  v  av ;  p  v  apv )  p 


(A3) 


if  we  define  a  =  (3PV/3E) 

=  lip  as  in  Reference  (8). 
is  the  relation  1+a  =  a  fly  as  derived  from  a  dif¬ 
ferent  approach  (8).  It  is  also  shown  (8)  that 


,  and  T  =  (aPV/3E)v 
n  fact  Equation  (A3) 


d  In  D  _  y-a-l  (A4) 

3  In  Q0  a-F  2 

Since  experimental  results  have  established  the 
linear  relation  D  =  a  +  b  q0  with  a  and  b 
denoting  the  appropriate  constants,  Equations 
(A3),  (A4)  and  this  can  be  combined  to  give 


Tg  =  y  [  kz3LD+_2a  1 

b  y  l  [y — 1 )  D  +  a  J 


(A5) 


Note  that  Equation  (A5)  gives  the  Griineisen 
constant  rg  of  dense  gases,  which  is  not  the 
same  as  that  of  the  unreacted  explosive,  Ts. 

Yet  another  important  parameter  is  the 
specific  heat  Cvg.  This  can  be  computed  as 
follows.  Let  us  consider 
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g  Cvg  to  be  constant. 

we  deduce 
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with 

ErE0=  i/2(V0-Vj)(Pj4P0)  = 
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ex = /;- { u + ^  ^>p„- 

[l~-m |Vo~Vgl  1  (Ps+  p°' 1  dVs 

T0  «  Tj  (Vj/Vo)  pg 

If  we  assume  Cvg  =  C4  +  Cj  Tg  +  C2  T|  +  C3 
T|,  then  the  four  coefficients  (C1(  C2,  C3,  C4) 
may  be  determined  by  integrations  based  on 
four  data  points  (P,„  Vg,  Tg,  Eg)  with  Tg  =  Tj 
(V/Vjrg.  That  is  all  we  can  do  analytically. 

APPENDIX  B 

An  analytically  simplified  version  of  the  two- 
phase  Hugoniot  can  be  established  by  ignoring 
the  entropy  change  along  the  component 
Hugoniots.  Thus,  we  have 

Eg  =  and  Es  =  Vt  (V0 — Vs)  P  in  view  of 

y-1 

p  =  P  sr  p 

Substituting  these  and  Equation  (1)  into  Equa¬ 
tion  (2),  we  obtain 


Vs  =  -  _ _ 

ll-iXy+l)  y  +  1  l 


( l  — 4)P  - 


Since  the  linear  solid  Hugoniot  implies 
P=  C-'  (Vt)- Vs)  •  |V0-S(V0— Vg)|  2,  (B2) 

we  can  combine  Equations  (B 1)  and  (B2)  to  give 

p{v*-,”[v*+-.if(  p<'-"-v)]}2 


2(V-  r 

=  f  V 

y-f  1  l  ° 


(  j;  (y-D  -  V  )]  (B3) 


This  is  the  two-phase  Hugoniot  for  a  partially 
reacted  explosive  in  the  form  F(P,V,E,U— 0. 
Such  a  crude  model  may  not  be  numerically 
realistic. 


3.  J.  B.  Ramsey  and  A.  Popolato,  “Analysis 
of  Shock  Waves  and  Initiation  Data  for 
Solid  Explosives,”  Proc.  4th  Symposium 
(International)  on  Detonation,  ACR-126,  Of¬ 
fice  of  Naval  Research,  Washington,  D.C. 
1965,  pp.  233-238. 

4.  T.  R.  Gibbs  and  A.  Popolato,  “LASL  Ex¬ 
plosive  Property  Data,”  University  of 
California  Press,  Berkeley,  1980. 

5.  B.  M.  Dobratz,  “LLNL  Explosive  Hand¬ 
book,”  UCRL-52997,  Lawrence  Livermore 
Laboratory,  1981. 

6.  C.  M.  Tarver  and  J.O.  Hallquist,  “Model¬ 
ing  Two-Dimensional  Shock  Initiation  and 
Detonation  Wave  Phenomena  in  PBX-9404 
and  LX-17,"  Proc.  7th  Symposium  (Inter¬ 
national)  on  Detonation,  NSWC  MP  82-334, 
Naval  Surface  Weapons  Center,  White  Oak, 
MD,  1981,  pp.  448-497.  Ibid,  p.  1034. 

7.  Y.  K.  Huang,  J.  J.  Starkenberg,  and  A.  L. 
Arbuckle,  "Calculations  of  Reactive  Shock 
Waves  in  Several  Solid  Explosives,"  BRL 
Technical  Report  to  be  published. 

8.  W.  Pickett  and  W.  C.  Davis,  "Detonation," 
University  of  California  Press.  Berkeley, 
1979. 

DISCUSSION 

MARTIN  SUMMERFIELD,  Princeton 
Combustion  Research  Laboratory 

I  believe  the  equation  at  the  beginning,  that 
says  that  the  entropy  of  the  unreacted  solid  and 
the  entropy  of  the  hot  product  gas  are  equal, 
is  wrong.  They  are  very  unequal.  Further,  in¬ 
serting  this  equality  as  one  of  the  initial  equa¬ 
tions  forces  a  distortion  of  the  resulting  two- 
phase  Rankine-Hugoniot  relations.  I  believe  the 
theory  is  incorrect. 
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REPLY  BY  Y.  K.  HUANG 

To  clarify  the  above  criticism,  I  have  under¬ 
taken  considerable  revision  of  this  paper  herein. 
Apparently,  it  is  not  the  validity  but  the 
readability  of  the  Preprint  that  invites  such  a 
criticism.  1  hope  that  our  paper  will  be  judged 
finally  by  a  wider  audience  of  this  Symposium 
when  its  Proceedings  appear  in  the  open 
literature. 
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MODELING  SHORT  PULSE  DURATION  SHOCK  INITIATION 
OF  SOLID  EXPLOSIVES 


C.M.  Tarver,  J.O.  Hallquist  and  L.M.  Erickson 
Lawrence  Livermore  National  Laboratory 
University  of  California 
Livermore,  California  94550 


The  chemical  reaction  rate  law  in  the  ignition  and  growth  model  of 
shock  initiation  and  detonation  of  solid  explosives  is  modified  so  that 
the  model  can  accurately  simulate  short  pulse  duration  shock  initia¬ 
tion.  The  reaction  rate  law  contains  three  terms  to  model  the  igni¬ 
tion  of  hot  spots  by  shock  compression,  the  slow  growth  of  reaction 
from  these  isolated  hot  spots,  and  the  rapid  completion  )f  reaction 
as  the  hot  spots  coalesce.  Comparisons  for  PBX  9404  between 
calculated  and  experimental  records  are  presented  for  the  electric  gun 
mv'  1ver  plate  system,  the  minimum  priming  charge  test,  embed- 
de  -can in  pressure  and  particle  velocity  gauges,  and  VIS Ali  par¬ 
ticle  c  eejcity  measurements  for  a  wide  variety  of  input  pressures, 
rise  times  and  pulse  durations.  The  ignition  and  growth  model  is  now 
a  fully  developed  phenomenological  tool  that  can  be  applied  with  con¬ 
fidence  to  almost  any  hazard,  vulnerability  or  explosive  performance 
problem. 


INTRODUCTION 

As  an  integral  part  of  our  High  Explosives 
Research  Program,  the  phenomenological  igni¬ 
tion  and  growth  computer  model  of  shock  initia¬ 
tion  and  detonation  wave  propagation  has  been 
developed  to  simulate  the  available  experimen¬ 
tal  data  and  then  to  predict  the  hazard, 
vulnerability,  and  performance  of  solid  ex¬ 
plosives  to  various  stimuli  in  complex 
geometries.  The  original  one-dimensional  igni¬ 
tion  and  growth  model  (1)  successfully 
calculated  a  great  deal  of  experimental  data  on 
several  explosives  including:  embedded 
manganin  pressure  gauge  and  particle  velocity 
gauge  data,  VISAR  data,  run  distance  to 
detonation  versus  initial  shock  pressure  data, 
and  quantitative  failure  versus  initiation  data. 
\fter  more  experimental  data  was  obtained  and 
the  model  implemented  in  the  two-  and  three- 
dimensional  versions  of  the  Lagrangian  DYNA 
code  (2),  the  ignition  and  growth  model  was 
modified  and  successfully  applied  to  many  one-, 
two-,  and  three-dimensional  initiation  and 
detonation  wave  propagation  problems  in 


explosives  and  propellants  (3-10).  In  general, 
this  concept  of  dividing  the  chemical  reaction 
rate  into  two  terms  to  describe  the  ignition  of 
reaction  by  shock  compression  in  localized  hot 
spots  and  the  subsequent  growth  of  these  hot 
spots  to  consume  the  explosive  charge  has 
proved  sufficient  for  modeling  sustained  pulse 
shock  initiation  and  detonation  wave  reaction 
zones.  However,  as  noted  in  the  original  paper 
(1),  detailed  quantitative  modeling  of  embedded 
gauge  or  VISAR  data  from  short  pulse  duration 
shock  initiation  experiments  was  not  possible 
unless  the  coefficient  for  the  growth  of  reaction 
was  increased  by  a  factor  of  two  or  three. 
Although  such  a  relatively  simple  phenomeno¬ 
logical  model  cannot  be  expected  to  perfectly 
simulate  every  shock  initiation  and  detonation 
experiment,  it  is  essential  that  the  ignition 


♦Work  performed  under  the  auspices  of  the  U.S. 
Department  of  Energy  by  the  Lawrence  Liver¬ 
more  National  Laboratory  under  contract  No. 
W-7405-ENG-48. 
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and  growth  model  accurately  model  initiation 
caused  by  a  wide  variety  of  input  pressures,  rise 
times  and  pulse  durations.  This  paper  describes 
the  modifications  to  the  chemical  reaction  rate 
law  that  were  made  to  meet  this  requirement 
and  the  parameters  generated  for  the  solid  ex¬ 
plosives  PBX  9404  (HMX-based)  and  LX-17 
(TATB-based).  This  paper  also  contains  several 
examples  of  the  agreement  between  the  calcula¬ 
tions  and  recent  experimental  data  from  several 
laboratories  on  PBX  9404.  Examples  of  model¬ 
ing  short  pulse  duration  shock  initiation  of 
LX-17,  shock  initiation  of  a  cast  explosive, 
detonation  wave  propagation  and  metal  accel¬ 
eration,  and  supra-compression  experiments 
with  the  current  ignition  and  growth  model  are 
contained  in  four  other  papers  presented  at  this 
Symposium  (11-14). 

THREE  TERM  REACTION  RATE 
MODEL 

During  a  review  of  embedded  gauge  data,  of 
Lagrange  Analysis  of  such  data  (15),  and  of  very 
high  shock  pressure,  very  short  shock  pulse 
duration  initiation  data,  it  became  apparent 
that  shock  initiation  of  heterogeneous  solid  ex¬ 
plosives  must  be  modeled  as  at  least  a  three 
step  process.  The  first  step  is  obviously  the  for¬ 
mation  of  hot  spots  created  by  various 
mechanisms  (void  closure,  viscous  heating, 
shear  banding,  etr.)  during  shock  compression 
and  the  subsequent  ignition  (or  failure  to  ignite 
due  to  heat  conduction  losses)  of  these  heated 
regions.  At  relatively  low  input  shock  pressures, 
the  ignition  of  a  fraction  of  the  explosive  on  the 
order  of  the  original  void  fraction  of  the  charge 
is  sufficient  to  calculate  initiauon/failure  data 
and  the  increase  in  shock  front  pressure  at  in¬ 
creasing  depths  in  embedded  gauge  ex¬ 
periments  (1).  However,  when  modeling  high  in¬ 
put  pressure,  short  pulse  duration  experiments, 
such  as  the  minimum  priming  charge  test  (16) 
and  initiation  by  thin  mylar  flyer  plates  in  the 
electric  gun  (17),  a  larger  fraction  of  the  ex¬ 
plosive  must  be  rapidly  ignited,  especially  with 
pressure  dependent  reaction  growth  rates. 
Therefore,  the  main  change  in  the  ignition  term 
of  the  reaction  rate  law  was  to  increase  the 
dependence  of  the  amount  of  explosive  ignited 
on  the  degree  of  shock  compression,  thereby  ig¬ 
niting  much  more  explosive  at  high  pressures 
approaching  detonation  pressures  and  much 


less  explosive  at  low  input  pressures  of  a  few 
kilobars. 

The  second  step  in  the  process  is  assumed  to 
be  a  relatively  slow  growth  of  reaction  in  inward 
and/or  outward  “burning”  of  the  isolated  hot 
spots.  Although  this  analogy  with  deflagration 
processes  may  not  be  strictly'-  appropriate  under 
all  shock  initiat  ion  conditions,  embedded  gauge 
and  VISAR  experiments  definitely  show 
regions  of  relatively  slow  pressure  and  particle 
velocity  increases  behind  the  shock  front. 
Modeling  this  portion  of  the  reactive  flow  as  a 
pressure  dependent  burn  with  an  exponent  near 
unity,  as  measured  in  deflagration  experiments 

(18) ,  readily  matches  sustained  and  short  dura¬ 
tion  shock  pulse  data.  In  their  Lagrange  gauge 
and  modeling  work,  Wackerle  and  Anderson 

(19)  found  that  a  simple  spherical  inward  grain 
burning  model  yielded  a  better  correlation  with 
experimental  data  than  a  simple  spherical  out¬ 
ward  hole  burning  model.  Obviously  the  real 
situation  of  reacting  hot  spots  is  a  much  more 
complex  geometry,  but  in  this  paper  a  spherical 
inward  grain  burning  form  is  used  along  with 
a  pressure  exponent  of  one  in  the  second  or  slow 
growth  term  of  the  reaction  rate  law. 

The  third  step  in  the  shock  initiation  process 
is  a  rapid  completion  of  the  reaction  as  the  react¬ 
ing  hot  spots  begin  to  coalesce.  Fast  decomposi¬ 
tion  of  the  remaining  pockets  of  unreacted  ex¬ 
plosive  causes  the  rapid  transition  to  detonation 
observed  in  wedge  test  run  distance  to  detona¬ 
tion  experiments  (20).  If  each  hot  spot  is  taken 
to  be  a  sphere  at  the  center  of  a  cube,  then,  when 
the  diameter  of  the  sphere  equals  the  length  of 
a  side  of  cube,  the  ratio  of  volume  of  the  sphere 
to  the  volume  of  the  cube  is  nl 6  or  0.52. 
Therefore,  these  idealized  “spherical  hot  spots 
in  a  box”  would  begin  to  coalesce  when  the  ex¬ 
plosive  is  approximately  half-reacted.  Even  for 
a  relatively  low  input  pressure  of  2  GPa,  the 
pressure  exceeds  10  GPa  when  the  explosive  is 
half-reacted,  and  all  conceivable  reactive  surface 
area  generation  mechanisms  will  be  rapidly  oc¬ 
curring.  This  rapid  completion  of  reaction  has 
been  modeled  in  two  ways:  as  an  Arrhenius  rate 
law  with  a  realistic  activation  energy  and  real¬ 
istic  assumptions  about  the  temperature  of  the 
unreacted  explosive  or  as  a  pressure  dependent 
growth  rate  with  an  exponent  of  two  or  three 
to  match  run  distance  to  detonation  data  and 
to  yield  the  correct  reaction  zone  width  for 
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self-sustaining  detonation.  In  this  phenomeno¬ 
logical  model,  the  pressure  dependent  form  is 
used  to  represent  the  third  part  of  the  initiation 
model:  the  rapid  completion  of  reaction  as  the 
turnover  to  detonation  occurs. 

Therefore,  the  form  of  the  chemical  reaction 
rate  equation  in  the  three  term  ignition  and 
growth  model  is: 

9  F/  d  t = I(  1  -  F  )b(QlQ0  - 1  -  a)x  4  G !  ( 1  -  F)cFdpy 

4G,(l-F)eFgpz  (1) 

where  F  is  the  fraction  of  the  explosive  that  has 
reacted,  t  is  time,  Q0  is  the  initial  density  of  the 
explosive,  p  is  pressure  in  megabars,  and  I,  Gj. 
G2,  a,  b,  c,  d,  e,  g,  x,  y,  and  Z  are  constants.  The 
parameter  a  is  a  critical  compression  that  is 
used  to  prohibit  ignition  until  a  certain  degree 
of  compression  (or  a  certain  input  pressure)  has 
been  reached.  In  most  cases,  the  parameter  y 
in  the  first  growth  rate  term  is  set  equal  to  one 
to  represent  a  deflagration  process.  The 
parameters  b  and  c  on  the  <1  —  F)  terms  in  the 
ignition  and  first  growth  terms  are  set  equal  to 
2  3  to  represent  inward  spherical  grain  burning. 
The  parameters  I  and  x  control  the  amount  of 
ignition  as  a  function  of  shock  strength  and 
duration,  G;  and  d  control  the  early  growth  of 
reaction  following  ignition,  and  G2  and  Z  deter¬ 
mine  the  high  pressure  reaction  rates.  Max¬ 
imum  and  minimum  values  of  F  have  been  add¬ 
ed  to  the  reaction  rate  computations  so  that 
each  of  the  three  rates  can  be  turned  off  (or 
turned  on)  at  appropriate  values.  The  ignition 
rate  is  set  equal  to  zero  when  F  exceeds  the 
parameter  Figmax.  The  first  growth  rate  is  set 
equal  to  zero  when  F  exceeds  the  parameter 
F(j|mux-  The  second  growth  rate  is  zero  when 
F  is  less  than  F(i2min. 

The  values  of  all  the  parameters  used  for  P13X 
9404  and  LX- 17  are  listed  in  Table  1.  The 
unreacted  and  reaction  product  equations  of 
state  for  PBX  9404  and  LX- 17  remain  the  same 
as  those  given  bv  Tarver  and  Hallquist  (3).  The 
mixture  rules  and  methods  of  calculation  re¬ 
main  the  same  as  in  the  original  description  ( 1 ). 
The  results  of  using  this  three  term  rate  law  to 
simulate  many  experiments  on  PBX  9404  are 
described  in  the  next  section.  Similar  calcula¬ 
tions  of  the  available  LX- 17  experimental  data 
are  contained  in  a  companion  paper  (11). 


TABLE  1 

Chemical  Reaction  Rate  Parameters  for 
PBX  9404  and  LX-17 


Parameter  (EQ.(l)) 

PBX  9404 

LX-17 

I  (gsec-1) 

7.43X1011 

4.0X106 

b 

0.667 

0.667 

a 

0.0 

0.22 

X 

20.0 

7.0 

Gj  (Mbars- /gsec-^ 

3.1 

0.6 

c 

0.667 

0.667 

d 

0.111 

0.111 

y 

1.0 

1.0 

G2  (Mbars -Zpsec— *) 

400.0 

400.0 

e 

0.333 

0.333 

g 

1.0 

1.0 

z 

2.0 

3.0 

Figmax 

0.3 

0.5 

*431  max 

0.5 

0.5 

*432min 

0.0 

0.0 

COMPARISON  OF  CALCULATIONS  AND 
EXPERIMENTAL  RESULTS  FOR 
PBX  9404 

1.  High  Pressure,  Short  Pulse  Duration  Tests 

A  good,  overall  quantitative  test  of  a  reactive 
flow  model  is  the  one-dimensional  initia¬ 
tion/failure  data  generated  by  accelerating 
various  thicknesses  of  mylar  by  electrically  ex¬ 
ploded  aluminum  foils,  as  described  by  Wein- 
gart  et  al.  (17).  The  decay  of  the  pressure  behind 
the  mylar  foil  depends  on  its  acceleration 
history,  the  amount  of  electrical  energy  used, 
and  the  presence  of  remaining  aluminum  vapor. 
For  conservative  modeling,  the  mylar  flying 
plates  are  assumed  to  be  fully  accelerated  with 
no  vaporized  material  still  accelerating  them. 
The  experimental  threshold  velocities  for  six 
thicknesses  of  mylar  ranging  from  1.27-mm  to 
0,025-mm  for  shock  initiation  of  19-nun  thick 
PBX  9404  charges  are  listed  in  Table  2,  along 
with  the  calculated  threshold  velocities  for  com¬ 
parison.  The  pressures  produced  by  the  thinnest 
flyers  may  approach  the  von  Neumann  spike 
pressure  of  the  explosive  and  the  shock  pulse 
duration  may  be  only  a  few  nanoseconds,  so 
very  finely  zoned  calculations  with  100 
zones/mm  in  the  explosive  are  necessary  to  ac¬ 
curately  resolve  these  shod,  fronts.  The  agree¬ 
ment  between  the  calculations  and  experiments 
is  good  at  the  higher  pressures,  where  20-30%  of 


the  explosive  is  ignited  by  the  shock  front,  and 
at  the  lower  pressures  where  a  few  tenths  of  a 
percent  of  the  explosive  is  promptly  ignited.  At 
the  two  intermediate  pressures  the  calculations 
predict  higher  threshold  velocities  than 
measured.  However,  in  these  experiments,  con¬ 
siderable  aluminum  vapor  is  still  accelerating 
the  plates,  and  the  pressure  decay  behind  the 
flyer  is  not  as  steep  as  assumed  in  the  calcula¬ 
tions  and  more  reaction  can  occur  behind  the 
main  front,  thus  lowering  the  initiation 
threshold.  Care  must  also  be  taken  in  defining 
detonation,  because,  in  these  experiments,  a 
flash  from  Al2(SiF6)3  coated  on  the  rear  face  of 
explosive  charge  detects  a  shock  wave  pressure 
of  approximately  20  GPa.  The  calculations  show 
that  it  is  possible  with  a  high  initial  shock 
pressure  to  obtain  a  20  GPa  shock  front  emerg¬ 
ing  from  the  explosive  rear  boundary  that  is  ac¬ 
tually  slowly  failing  or  slowly  building  toward 
detonation.  Considering  these  experimental 
uncertainties,  which  must  be  considered  when 
calculating  any  experiment,  the  three  term  reac¬ 
tion  rate  model  does  a  reasonably  good  job  on 
the  electric  gun  data. 

TABLE  2 

Velocity  Thresholds  for  Mylar  Flyer 
Initiation  of  PBX  940*1  in  the  Electric  Gun 


Mylar  Flyer 
Thickness  <mml 

!  experimental 

1  Velocity  Threshold 
(Km'sl 

Calculated 
Velocity  Threshold 
iKnvs  > 

1  27 

1  1  *  0.2 

0  95i005 

O50N 

1  It  0  2 

1  5010  10 

0  251 

i  y  ♦  o  2 

2  55*005 

0  127 

26*02 

2  95  *  0  05 

0  051 

33*03 

3  55*005 

0  025 

4  2101 

1 _ _ _ _ _  — . . 

3  95*005 

- - - - 

divergent  Chapman  Jouguet  detonation  wave 
in  EXTEX  (p0=1.54g/cm3,  D=7.35  mml/us, 
PCj=20.5  GPa,  JWL  coefficients:  A=5.39165 
Mbars,  B=0.0334709  Mbars,  R=4.6,  R2=l.l, 
co=0.4,  E0=0.066  Mbars-cc/cc)  is  assumed  to 
impact  finely  zoned  (100  zones/mm)  PBX  9404. 
Figure  1  shows  calculated  pressure  profiles  at 
various  distances  into  PBX  9404  for  a  0.19  cm 
radius  EXTEX  charge  which  illustrate  the 
failure  to  shock  initiate  the  PBX  9404.  Figure 
2  shows  similar  profiles  for  a  0.20  cm  radius  EX¬ 
TEX  charge  which  illustrate  the  successful  in¬ 
itiation  of  spherically  divergent  detonation  in 
the  PBX  9404.  The  reactive  fiow  model  clearly 
has  the  correct  pressure,  time  duration  and 
geometric  dependences  for  successful  calcula¬ 
tions  of  this  test. 
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Fig.  1.  Calculated  pressure  histories  in  PBX 
9404  (or  a  0.19  cm  radius  minimum  priming 
charge 


Initiation  of  detonation 


2.  Minimum  Priming  Charge  Test 

A  tougher  high  pressure,  short  shock  pulse 
duration  test  for  this  model  is  the  one¬ 
dimensional,  spherically  divergent  initiation  of 
PBX  9404  by  PETN-based  EXTEX  in  the 
minimum  priming  charge  test  ( 1 6).  1  lemispheres 
of  EXTEX  of  varying  radii  are  centrally 
detonated  and  produce  20.5  GPa  peak  pressure 
pulses  with  different  Taylor  waves  in  the  accep¬ 
tor  samples.  The  critical  radius  for  initiation  of 
detonation  is  then  determined.  For  PBX  9404 
the  50%  point  for  shock  initiation  is  0.195  cm 
of  EXTEX.  in  modeling  this  test,  a  spherically 
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Fig.  2  Calculated  pressure  histories  in  PBX 
9404  (or  a  0.2  cm  radius  minimum  pruning 
charge 
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3.  Lower  Pressure  Sustained  and  Short  Dura¬ 
tion  Embedded  Gauge  Experiments 

Two  classical  sets  of  embedded  gauge  ex¬ 
periments  of  PBX  9404  have  been  done  in  the 
2.5-3.5  GPa  initial  shock  pressure  range  to 
demonstrate  the  differences  in  the  growth  to 
detonation  for  sustained  and  short  duration 
shock  pulses.  Wackerle  et  al.  (21)  placed  one 
manganin  pressure  gauge  in  each  sample  and 
fired  several  PBX  9404  samples  with  gauges 
placed  at  different  depths.  The  experimental 
records  from  these  experiments  are  superim¬ 
posed  in  Figures  3  and  4  for  a  3  GPa  sustained 
shock  and  a  3  GPa,  0.33  ps  shock  pulse,  respec¬ 
tively.  The  calculations  must  be  done  exactly 
as  were  the  experiments,  since  the  finite 
thickness  of  a  manganin  gauge  (typically  1  mil 
of  manganin  foil  sandwiched  between  two  5  to 
10  mil  thick  layers  of  teflon,  kapton,  mylar  or 
mica  insulation)  does  pei  turb  the  reactive  flow. 
This  is  even  more  important  in  multiple 
manganin  gauge  experiments  (1,3,11)  in  which 
several  gauges  are  placed  in  the  same  explosive 
sample.  Figures  3  and  4  also  contain  the 
calculated  pressure  histories  at  the  various 
gauge  positions.  The  calculated  pressures  agree 
well  with  the  gauge  records  up  to  the  pressures 
at  which  these  gauges  failed.  The  calculated  run 
distances  to  detonation  of  9.5-mm  and  15-mm 
for  the  sustained  shock  and  the  0.33  ps  pulse, 
respectively,  agree  with  the  experimental  values 
of  9.5-mm  and  14.5-mm.  At  the  1-min  and  3-mm 
gauge  positions  of  Figure  4,  the  calculated 
shock  front  amplitude  and  initial  rarefaction 
agree  with  the  gauge  records  but  subsequent 
pressures  are  lower  than  the  gauge  records  in¬ 
dicate.  It  is  difficult  to  determine  whether  this 
difference  is  totally  due  to  the  reaction  rate  law 
or  whether  part  of  the  difference  is  due  to  the 
current  lack  of  knowledge  of  the  reaction  prod¬ 
ucts  equation  of  state  and  of  the  accuracy  of  the 
mixture  assumptions  in  this  pressure  and 
temperature  regime.  Since  the  ignition  and 
growth  model  must  also  describe  detonation 
and  its  metal  acceleration  ability  correctly,  it 
uses  JWL  equation  of  state  for  the  reaction  pro 
ducts  measured  by  expansion  in  detonation 
experiments.  There  is  no  guarantee  that  this 
equation  of  state  accurately  predicts  the  states 
of  products  generated  in  low  pressure  shock  in¬ 
itiation  experiments,  but  this  is  the  assumption 
that  must  be  made  in  this  general  purpose 


model.  It  should  be  mentioned  that  manganin 
pressure  gauges  have  undergone  further 
development  and  currently  can  record  the  en¬ 
tire  reactive  flow  process  without  failing  in  both 
shock  initiation  and  full  detonation  (3,7,11). 

In  the  other  set  of  embedded  gauge  ex¬ 
periments,  multiple  particle  velocity  gauges 
measured  the  growth  to  detonation  caused  by 
a  sustained  3  GPa  shock  pressure  in  Figure  5, 
a  2.5  GPa,  1  ps  shock  pulse  from  a  dynasil  flyer 
in  Figure  6,  and  a  2.2  GPa,  1  ps  shock  pulse 
from  a  Kel-F  flyer  in  Figure  7.  These  embedded 
particle  velocity  gauges  have  the  advantage 
that  they  are  much  thinner  than  manganin 
gauges  (typically  1  mil  of  aluminum  with  1  mil 
of  teflon  on  each  side),  but  the  disadvantage 
that  non-metallic  flyer  plates  must  be  used. 
Thus  not  all  pressure  regimes  are  easily  accessi¬ 
ble  and  the  non-metallic  materials  have  equa¬ 
tions  of  state  that  are  not  as  well  understood 
as  those  of  metals.  These  experimental  details 
are  modeled  as  completely  as  possible  in  Figures 
5,  6,  and  7.  The  agreement  between  the 
calculated  and  experimental  shock  front  and 
subsequent  growth  in  the  sustained  shock  ex¬ 
periment  in  Figure  5  is  quite  close.  In  the 
dynasil  flyer  experiment  shown  in  Figure  6,  the 
calculated  shock  front  particle  velocity  is  high 
at  the  14-mm  gauge  position  and  the  calculated 
peak  particle  velocity  occurs  early,  thus  imply¬ 
ing  a  slightly  early  transition  to  detonation.  By 
the  22-mm  gauge  position,  however,  both  the 
calculation  and  the  gauge  record  indicate  that 
detonation  has  occurred  It  should  be  mentioned 
that  the  particle  gauges  used  in  Figs.  5  and  6 
recorded  incorrect  (low)  velocities  only  at  full 
detonation.  This  problem  was  solved  by  teflon 
insulation,  as  demonstrated  by  published  gauge 
records  in  full  detonation  (7.9).  In  the  Kel-F  flyer 
experiment  shown  in  Fig.  7,  the  reactive  flow 
is  building  toward  detonation  but  does  not  quite 
make  the  transition  in  22-mm  sample  of  PBX 
9404.  The  calculations  predict  slightly  high  par¬ 
ticle  velocities,  particularly  at  the  14-mm  posi¬ 
tion,  and  a  transition  to  detonation  in  less  than 
22-mm.  Therefore,  it  appears  that  the  model 
predicts  slightly  too  much  ignition  and  early 
growth  at  these  low  input  shock  pressures, 
perhaps  due  to  the  fact  that  the  unreacted  equa¬ 
tion  of  state  does  not  fully  describe  the 
dissipative  processes  first  measured  by  Ken¬ 
nedy  and  Nunziato  (22)  in  PBX  9404  below  3  GPa 


and  also  observed  in  Lagrange  analysis  of 
embedded  gauge  records  (15).  Mechanical 
dissipation  processes  or  endothermic  chemical 
reactions  can  be  added  to  the  model  when  they 
are  identified  and  measured  quantitatively. 
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for  a  Kel-F  flyer  plate  short  duration  shock 
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Fig  4  Pressure  histones  for  a  3  GPa ,  0.33  ps 
shock  pulse  into  PBX  9404 


4.  VISAR  Records  of  Various  Initiation  Experi¬ 
ments  on  PBX  9404 

In  an  imaginative  series  of  experiments  on 
PBX  9404,  Setchell  (23-25)  measured  the 
growth  of  reaction  in  PBX  9404  subjected  to 
several  types  of  input  stresses  using  a  VISAR 
particle  velocity  measurement  technique.  Set¬ 
chell  used  various  combinations  of  flyer  plate 
and  buffer  materials  in  front  of  the  explosive 
samples  to  produce  short  duration  shock  pulses 
with  different  unloading  histories,  ramp  waves, 
two  step  shocks,  ramp/shock  loading,  and  low 
amplitude  precursor/shock  loading.  These  ex¬ 
periments  produced  sets  of  particle  velocity 
histories  for  various  thicknesses  of  PBX  9404 
that  represent  excellent  tests  for  computer 
modeling.  Besides  testing  the  reactive  flow 
model,  these  experiments  also  test  the  complex 
material  models  for  the  flyer  plate,  buffer  and 
window  materials:  fused  silica,  sapphire,  copper, 
pyroceram,  6061-T6  aluminum,  tungsten,  and 
even  the  carbon  foam  backing  on  the  impaclors. 
The  VISAR  records  are  very  accurate 
measurements  of  the  ignition  and  early  slow 
growth  of  reaction,  but  are  limited  to  stresses 
below  7.5  GPa  in  PBX  9404  because  of  a  phase 
transition  at  9.4  GPa  in  the  fused  silica  window 
behind  the  explosive  sample.  To  test  the  effect 
of  different  unloading  histories  on  the  growth 
of  reaction  in  a  short  duration  shock  pulse  ex¬ 
periment,  Setchell  (23)  impacted  PBX  9404  with 
fused  silica  (fast  unloading)  and  sapphire  (slow 
unloading)  to  produce  3.2  GPa,  0.37  ps  initial 
shock  pressures.  The  resulting  particle  veloci¬ 
ty  histories  are  shown  in  Figure  8  for  2,4,6  and 
10mm  of  PBX  9404  impacted  by  fused  silica 
and  in  Figure  9  for  2,4,6  and  8mm  samples  im¬ 
pacted  by  sapphire.  The  slower  unloading  prop¬ 
erties  of  sapphire  obviously  allowed  more  reac¬ 
tion  to  occur  and  thus  higher  particle  velocities 
were  recorded.  Figures  8  and  9  also  contain  the 
calculated  particle  velocity  histories  for  each  of 
the  eight  experiments.  In  the  case  of  fused  silica 
impact  in  Fig.  8,  the  initial  shock  pulse  and 
unloading  are  well  modeled  since  the  2-mm 
records  agree  closely.  At  greater  depths,  the 
calculated  initial  particle  velocities  are  higher 
than  measured,  due  to  slightly  too  much  igni¬ 
tion  or  a  lack  of  dissipation  processes,  and  the 
later  portions  of  the  calculated  records  are 
generally  slightly  lower  than  the  measurements. 
The  late  time  agreement  in  the  10-mm  experi¬ 


ment  is  very  good.  In  the  case  of  sapphire  im¬ 
pact  in  Fig.  9,  much  less  shock  front  decay  is 
observed  and  the  calculated  initial  particle 
velocities  are  in  better  agreement.  Again  the 
calculated  particle  velocities  are  generally 
slightly  lower  than  the  experimental  records, 
but  the  overall  more  rapid  growth  for  sapphire 
impact  is  reproduced  by  the  calculations  shown 
in  Fig.  9. 
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Fig.  8.  Particle  velocity  histories  in  PBX  9404 
for  fused  silica  flyer  plate  experiments 


Perticlc 

velocity 

(mm/pt) 


Fig.  9.  Particle  velocity  histories  in  PBX  9404 
for  the  sapphire  flyer  plate  experiments 


The  same  relationship  between  experimental 
and  calculated  particle  velocity  histories  is 
observed  for  Setchell's  experiments  in  which 
606I-T6  aluminum  is  placed  in  front  of  PBX 
9404  producing  a  low  amplitude  precursor 
which  precedes  a  3.5  GPa  shock  (25).  The  com¬ 
parison  for  1.5.  4  and  6mm  of  PBX  9404  are 
shown  in  Figure  10.  However,  this  relationship 
does  not  always  hold,  as  shown  in  Figure  11, 
which  contains  comparisons  at  2,3  4  and  5mm 
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depths  for  the  case  of  “ramp/shock”  loading.  A 
2  GPa,  0.5  fus  ramp  preceding  a  5  GPa  shock 
is  produced  by  using  a  19mm  thick  fused  silica 
buffer  ahead  of  the  PBX  9404.  In  Fig.  11,  the 
calculations  lie  slightly  above  the  experimental 
records  at  2,3  and  4mm  and  slightly  below  at 
5mm.  For  the  case  of  a  two  step  shock  produced 
by  a  composite  flyer  plate  of  fused  silica  and 
tungsten  (25),  the  calculations  predict  slightly 
higher  particle  velocities  than  measured  at  2,3 
and  4mm  of  PBX  9404,  as  shown  in  Fig.  12. 
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Fig  10  Particle  velocity  histories  in  PBX  9404 
for  GPa  shocks  preceded  by  low  amplitude 
precursors 
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Fig  II  Particle  velocity  histories  in  PBX  0-104 
for  the  ramp,  shock  experiments 

The  final  three  comparisons  with  Setchell’s 
data  are  shown  in  Figs.  13,  14  and  15  for  the 
cases  of  slow  rising  (O.Bgs)  ramp  waves,  faster 
rising  (0.3  ps)  ramp  waves,  and  sharp  shock 
loading  to  a  final  pressure  of  5.1  GPa,  respec¬ 
tively  (24).  The  calculations  accurately  predict 
the  initial  ramp  v  ave  loadings  m  Figs.  13  and 
14.  In  the  slow  ramp  cast  in  Fig.  13,  the 


calculated  particle  velocities  are  low  at  1.5  and 
2-mm  and  then  high  at  3,4  and  5mm.  In  the  fast 
ramp  and  shock  cases  of  Figs.  14  and  15,  respec¬ 
tively,  the  calculated  particle  velocity  histories 
are  all  slightly  lower  than  the  VISAR  records. 


Fig.  12.  Particle  velocity  histories  in  PBX  9404 
for  the  two  step  shock  loading  experiments 
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Fig.  Id.  Particle  velocity  histories  in  PBX  9404 
for  the  slow  ramp  wave  experiments 


Perticle 
velocity 
(mm  lut) 


Time  (jii) 

Fig.  14.  Particle  velocity  histories  in  PBX  9404 
for  the  fast  ramp  wave  experiments 


Fig.  15.  Particle  velocity  histories  in  PBX  9404 
for  the  5.1  GPa  sustained  shock  experiments 

The  main  result  of  these  comparisons  is  that 
the  three  reaction  rate  law  for  PBX  9404  does 
a  good  overall  job  of  describing  initiation  under 
a  wide  range  of  loading  and  unloading  condi¬ 
tions.  Further  small  modifications  in  the  igni¬ 
tion  and  early  growth  rates,  plus  the  inclusion 
of  energy  dissipation  terms  in  the  unreacted 
equation  of  state,  would  result  in  slightly  im¬ 
proved  agreement  in  various  pre,ssure  and  time 
regimes.  However,  the  current  agreement  cer¬ 
tainly  demonstrates  the  soundness  of  this 
modeling  approach. 

One  other  interesting  comparison  between  a 
embedded  gauge  experiment  and  a  PBX  9404 
reactive  flow  calculation  is  currently  available. 
Many  hazard  and  vulnerability  scenarios  for  ex¬ 
plosives  involve  two  or  more  shocks  separated 
in  time  by  various  unloading  processes.  In  the 
experiment  shown  in  Fig.  16,  embedded  parti¬ 
cle  velocity  gauges  at  0,4,7,12  and  20mm  depths 
measured  the  double  shocks  produced  by  the 
impact  of  a  composite  flyer  consisting  of  two 
ceramic  plates  separated  by  low  density  carbon 
foam.  The  growth  of  reaction  during  the  time 
between  shocks  and  after  the  second  shock  pro¬ 
duces  a  complex  wave  structure  that  is  ap¬ 
proaching  the  transition  to  detonation  after 
20mm  of  propagation.  The  calculated  particle 
velocity  histories  are  also  shown  in  Fig.  1C.  The 
double  shock  structure  is  evident  but  the 
calculated  particle  velocities  behind  the  first 
shock  are  low  and  the  second  shock  arrivals  are 
later  in  time  than  measured.  This  most  likely 
results  from  an  incomplete  understanding  of  the 
equation  of  state  of  the  ceramic  flyer  and  buffer 


plate  material  and  of  the  density  and  thickness 
of  the  compressible  carbon  foam  when  impact 
actually  occurs.  More  experiments  of  this  type 
should  enable  us  to  understand  these  materials 
and  to  “fine  tune”  the  ignition  and  growth  coef¬ 
ficients  for  reliable  multiple  shock  scenario 
predictions. 
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Fig.  16.  Particle  velocity  histories  in  PBX  9404 
for  a  double  separated  shock  experiment 


CONCLUSIONS 


The  results  presented  in  this  paper  show  that 
the  use  of  a  three  term  chemical  reaction  rate 
equation  in  the  phenomenological  ignition  and 
growth  model  yields  good  overall  agreement 
with  a  large  collection  of  shock  initiation  data 
on  PBX  9404  from  three  laboratories.  There¬ 
fore,  we  now  have  a  general  purpose  model  that 
can  be  used  with  confidence  to  simulate 
most  initiation  scenarios.  Obviously,  the  coef¬ 
ficients  in  the  model  can  be  further  modified  to 
improve  the  agreement  with  existing  and  future 
data.  As  a  by-product  of  this  work,  the  consis¬ 
tent  agreement  of  the  calculations  with  the 
various  experimental  techniques  (embedded 
manganin  pressure  gauges,  embedded  particle 
velocity  gauges  and  VISAR)  implies  that  the 
three  techniques  are  all  accurately  recording  the 
effects  of  the  shock  initiation  process. 

With  the  completion  of  the  phenomenological 
model  of  shock  initiation,  the  direction  for 
future  work  is  the  development  of  more  fun¬ 
damental,  microscopic  models  that  describe  ac¬ 
tual  ignition  and  growth  processes.  These 
models  are  needed  to  predict  the  effects  of  par¬ 
ticle  size  and  initial  temperature  on  shock 
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initiation.  Our  first  step  in  this  direction  is  the 
statistical  hot  spot  model,  which  contains  a 
critical  hot  spot  size  parameter  and  does  ac¬ 
curately  simulate  particle  size  effects  in  TATB 
(26).  This  model  has  recently  been  made  entire¬ 
ly  temperature  dependent  (27)  and  represents 
the  starting  point  for  the  next  generation  of 
shock  initiation  models  for  solid  explosives. 
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DISCUSSION 

MARTIN  SUMMERFIELD,  Princeton 
Comb.  Res.  Laboratory 

Has  any  effort  been  made  to  measure  F,  the 
fraction  reacted,  independently  of  tracking  the 
pressure-time-distance  trajectories,  in  order  to 
validate  the  deduced  reaction  rate  of  equation? 
If  not,  it  should  be  attempted,  perhaps  by  mea¬ 
suring  F  chemically  in  shocked  but  not  deto¬ 
nated  specimens. 

This  kind  of  work  is  fundamental,  it  seems  to 
me,  to  the  modeling  of  DDT  in  granulated  or 
cracked  (damaged)  propellant  of  the  type  envi¬ 
sioned  in  the  theories  of  Boggs  and  Price,  Krier, 
and  Kuo.  Why  don't  they  use  Tarver’s  equation, 
or  something  like  it,  in  their  models?  It  is  my 
belief  that  inserting  such  condensed-phase  ex¬ 
othermic  reactions  in  their  models,  to  explain 
the  transition  from  their  calculated  pressure 
build-up  over  to  detonation,  would  make  the 
physical  mode!  more  believable. 

ALBERT  WESTON,  Brobeck  Corporation 

The  ignition  and  growth  model  has  been  in  the 
RDUCT  model  DDT  calculations  described  in 
a  paper  presented  at  this  Symposium  (Weston 
&  Lee1.  It  does  work  well  in  creating  a  "clean" 
detonation  turnover. 

We  do  not  use  ignition  and  growth  as  a  mat¬ 
ter  of  course  (yet)  because  in  RDUCT  there  is 
a  degree  of  arbitrariness  in  when  to  turn  it  on. 


REPLY  BY  C.  TARVER 

It  is  obviously  very  difficult  to  independent¬ 
ly  measure  the  fraction  reacted  F  (whatever  F 
means  in  a  complex  decomposition  process)  as 
a  function  of  time  in  a  shock  initiation  experi¬ 
ment.  The  closest  approach  to  such  a  measure¬ 
ment  thus  far  ii  the  time-resolved  infrared 
radiometry  experimental  technique  developed 
by  William  Von  Kolle  at  LLNL.  This  technique 
measures  the  amount  of  infrared  radiation  be¬ 
ing  produced  at  the  interface  between  a  shocked, 
reacting  high  explosive  a  d  an  impedance 
matching  infrared  transparent  window  (salt 
crystal).  After  making  some  reasonable  assump¬ 
tions  about  the  emittence  of  the  shocked  ex¬ 
plosive,  the  fraction  of  the  explosive  emitting 
as  a  function  of  time  and  its  average  tempera¬ 
ture  can  be  calculated.  Assuming  that  this  frac¬ 
tion  of  omitting  material  is  the  fraction  reacted, 
fraction  reacted  histories  at  various  initial 
pressures  and  explosive  thicknesses  have  been 
measured  for  many  explosives.  We  have  com¬ 
pared  these  measured  fraction  reacted  histories 
to  those  calculated  by  the  ignition  and  growth 
model,  previously  fit  to  pressure  and  particle 
velocity  histories,  for  PBX-9404  in  the  Seventh 
Detonation  Symposium  (Von  Holle  and  Tarver). 
Several  other  papers  and  reports  by  Bill  Von 
Holle  ore  available  on  his  nanosecond  time- 
resolved  infrared  radiometry  technique. 


TABLE  9 

Rate  Parameters  for  RDX  Formulations 
from  Wedge  Test  Data 


ALUMINUM 

IMPACT 

VELOCITY 

(mm/psec) 

^max  I 

G1 

1  max  Gj 

1.274 

.002 

0.3 

0.2 

FINE  RDX 

1.498 

.002 

0.4 

0.2 

FORMULATION 

1.700 

.002 

0.5 

0.2 

1.926 

.002 

0.6 

0.2 

1.338 

.05 

0.5 

0.5 

COARSE  RDX 

1.510 

.09 

1.5 

0.5 

FORMULATION 

1.810 

.13 

13.0 

0.5 

it  was  necessary  to  vary  both  Gx  and  Fmax  5  to 
obtain  the  agreement  shown  in  Fig.  13.  The 
values  used  are  presented  in  Table  9. 

The  major  difference  in  the  two  formulations 
is  that  only  about  .2  percent  of  the  fine  RDX  is 
reacted  near  the  shock  front  whereas  5  percent 
or  more  of  the  coarse  is  reacted.  Also,  for  the 
coarse  formulation  the  amount  reacted  near  the 
shock  front  and  the  growth  rate  increase 
significantly  as  the  input  pressure  is  increased 
above  6  GPa. 


Calculations  for  the  Other  Experiments 

The  reaction  rate  parameters  obtained  from  the 
wedge  test  calculations  were  used  in  computer 


/  13.  Comparison  of  experimental  and 

calculated  wedge  test  data  for  coarse  RDX  for - 
mutation.  Solid  points  are  experimental  results 


simulations  of  the  other  experiments  reported 
above.  Good  agreement  was  obtained  for  all  the 
thin  plate  experiments  except  the  1  mm  plate  im¬ 
pacting  the  fine  RDX  formulation.  See  Table  10. 
In  order  to  obtain  agreement  with  experiment  the 
amount  of  RDX  ignited  in  the  calculation  had  to 
be  increased  from  0.2  percent  to  6  percent.  Tarver 
(2)  has  observed  similar  behavior  when  simulating 
thin  pulse  initiation  of  pressed  PBX. 

The  4  mm  experiments  were  calculated  using 
a  2D  hydrodynamic  finite  element  code.  When 
failure  of  detonation  occurred  it  was  due  to  the 
errosion  of  the  pressure  on  the  charge  axis  by 
sideways  rarefaction.  Figure  14  presents  pressure 
contours  for  the  coarse  RDX  formulation  7  p secs 
after  being  impacted  by  a  4  mm  aluminum  plate 
with  velocity  of  .96  mm/psec.  As  in  the  experi¬ 
ment  SDT  does  not  occur. 


TABLE  10 

Calculated  Results  for  Thin  Plate  Experiments 


PLATE  CALCULATED 
VELOCITY  RESULTS 

1  mm  thick 
A1  plate 

2.025  No  detonation* 

FINE  RDX 

FORMULATION  1.910  No  detonation 

1.725  Detonation 

COARSE  RDX  ^vjf  ° 

FORMULATION  ' 

1.530  No  detonation 

4  mm  thick 
Al  plate 

1.525  Detonation 

FINE  RDX  M4  mm  into 

FORMULATION  explosive 

1.400  No  detonation 

1.110  Detonation 

COARSE  RDX  ^24  mm  into 

FORMULATION  explosive 

0.960  No  detonation 

*  All  but  this  calculation  agreed  with  the 
experimental  results. 

2D  calculations  were  done  for  both  a  15-mm 
and  20-mm  diameter  steel  projectile  impacting  the 
coarse  RDX  formulation  at  a  velocity  of  1.13 
mm/psec.  Results  are  presented  in  Table  11.  Com¬ 
paring  the  results  in  Fig.  15  and  Fig.  16  shows 
that  the  smaller  diameter  projectile  allows 
rarefactions  to  reduce  the  pressure  sufficiently  to 
prevent  transition  to  detonation. 

The  2D  code  was  used  to  investigate  the 
detonation  failure  diameter  of  both  the  fine  and 
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1  A  MODEL  FOR  SHOOK  INITIATION  OF  POROUS  PROPELLANTS 

j  BY  RAMPrINDUCED  COMPRESSION  PROCESSES 

H.  Krier,  C..A.Cudak,J.  R.  Stewart 
The  University  of  Illinois 
Urbana,  Illinois 
and 

P.  B.  Butler 
The  University  of  Iowa 

;  Iowa  City,  Iowa 


Increasing,  the  nitramine  cdntent  of  solid  rocket  propellants  increases 
the  overall  performance  of  the  system  as  well  as  the  sensitivity  to 
detonation  by  shock  initiation.  In  some  instances  a  confined  zone 
of  granulated  propellant  adjacent  to  a  zone  of  cast  propellant  can  pro¬ 
vide  a  rapid  enough  pressure-rise  rate  to  shock  initiate  the  cast 
material  If  the  cast  propellant  is  porous,  the  detonation  will  initiate 
at  some  location  ahead  of  the  granulated  bed/cast  material  interface. 
The  work  presented  here  is  an  effort  to  numerically  model  this 
Deflagration  to  Detonation  Transition  (DDT)  event.  Results  will  be 
presented  showing  the  build  up  to  detonation  for  propellant  beds  with 
various  initial  configurations  and  pressure-rise  rates. 


INTRODUCTION 

Increasing  the  nitramine  content  of  solid 
rocket  propellants  increases  the  overall  perfor¬ 
mance  of  the  system  as  well  as  the  sensitivity 
to  Shock  to  Detonation  Transition  (SDT)  and 
Deflagration  to  Detonation  Transition  (DDT). 
This  paper  deals  primarily  with  the  analysis  and 
numerical  modeling  of  a  combined  SDT/DDT 
event.  The  results  will  show  that  in  some  in¬ 
stances  a  zone  of  burning  granulated  propellant, 
confined  and  adjacent  to  a  zone  of  cast  pro¬ 
pellant,  can  provide  a  rapid  enough  pressure-rise 
rote  to  shock  initiate  the  cast  material.  This 
v  oe  of  detonation  hazard  scenario  is  a  real 
pi  sibility  in  any  high-energy  rocket  motor 
environment. 

In  order  for  a  DDT  to  occur  in  a  full-scale 
motor,  the  grain  must  first  be  damaged.  This 
has  been  demonstrated  in  the  laboratory  many 
times  when  small-scale  (20-40  cm)  packed  beds 
of  granulated  propellant  undergo  the  transition 
from  deflagration  to  detonation.  Combustion  of 
the  high  surface-to-volume  ratio  micron-sized 
fragments  provides  the  rapid  pressurization 
rate  necessary  to  shock  initiate  the  remaining 


fragments.  By  increasing  the  nitramine  content 
of  the  propellant  mixture  the  propensity  to 
detonate  is  increased  in  two  ways:  the  decom¬ 
position  rate  of  the  propellant  increases  and  the 
shock  sensitivity  increases.  Although  little  has 
been  done  to  experimentally  verify  it,  one  can 
also  assume  that  the  particle  morphology  (size, 
shape  and  surface  roughness)  greatly  influences 
the  decomposition  rate  and  thus,  the  build-up 
to  detonation. 

We  propose  two  possible  methods  where  by 
DDT  can  'xicur  in  a  solid  rocket  motor.  In  the 
first  case  a  length,  L,  of  the  motor  grain  is  com¬ 
pletely  fragmented.  This  case  was  the  topic  of 
several  research  papers  (1-3)  by  our  group  and 
will  be  discussed  here  only  to  provide  a  com¬ 
parison  with  the  second  case  prooosed.  In  Case 
1,  the  bed  is  of  sufficient  length  to  allow  the 
transition  to  detonation  to  occur  within  the 
granulated  material.  That  is  L>  (fcj  where  cpQj 
is  the  detonation  run-up  length  measured  from 
the  ignition  source.  In  case  2,  L<cpCJ  and  the 
detonation  occurs  in  the  upstream  cast  material. 
However,  in  both  cases,  the  confined  burning 
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of  the.propellant  fragments  isrwhatdrives-the 
deflagration.wave  to -a.high-order  detonation. 
The  reader  should; consult-. Ref. .  4 ,for.  a?general 
overview  of -DDT  in>  different  propellants  and 
explosives  and  Ref.  5  for-xypical  experimental 
results. 

In  Case  1,  the  length  of  the  packed  bed  is 
longer  than  the  criticallength necessary  for  ac¬ 
celerated  convective  combustion  to  occur,  and 
subsequent  detonation  is  inevitable.  Figure  1  il¬ 
lustrates  the  Case  1  bed  configuration.  The  se¬ 
cond  DDT  scenario  involves  a  region  of  burn¬ 
ing  granulated  propellant  providing  the  impetus 
to  shock  initiate  an  adjacent  region  of  cast  pro¬ 
pellant.  This  is  illustrated  in  Fig.  2.  The  cast 
material  (Zone  1)  can  contain  ‘blind’  pores,  and 
is  assumed  to  be  impermeable  to  the  flow  of  hot 
gases  from  the  zone  of  fragmented  material 
(Zone  2).  This  implies  that,  unlike  the  first  DDT 
scenario  discussed,  only  stress  waves  can  be 
transmitted  across  the  Zone  1/Zone  2  interface. 
Figure  3  shows  a  schematic  representation  of 
the  sequence  of  events  leading  to  this  type  of 
DDT.  Superimposed  on  each  section  of  the 
figure  is  a  solid  line  representing  the  local  gas 
porosity  (volume  of  gas/total  volume)  as  a  func¬ 
tion  of  x,  the  bed  location.  A  value  of  <f>  equal 
to  unity  represents  a  zone  of  all  gas  while  $ 
equal  to  zero  indicates  a  voidless  solid. 


Part  A  , 
Convecliye 
Flame 
Spreoding 


Part  B 

Pore 

Collopst 


Part  C 
Plug 

Formolion 


^-Uddirig  Compression  :Wove 


1. 
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Part  D 

Shock 

Formation 


Shock 


Part  E 

Shock 

Iniliotion 

(Detonation) 


Fig.  3.  Five-part  sequence  of  events  leading  to 
DDT-case  2 


rHot  Gases  Perfecting  Pocked  Bed 
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Ignition  | 
Begins 
at  X*0| 
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‘Product  Gases 


-Pocked  Bed  cf  Propel  ton! 
Particles 


Fig.  J.  Sketch  of  DDT-case  1  packed  bed 
configuration 


Fig.  2.  Sketch  of  DDT-case  2  configuration. 
Zone  1  is  cast  propellant,  Zone  2  is  burning 
fragments 


Part  A  shows  a  zone  of  burning  granular  pro¬ 
pellant  adjacent  to  a  zone  of  porous,  cast  pro¬ 
pellant.  Here,  the  heavy  black  dots  are  repre¬ 
sentative  of  microvoids  in  the  cast  material.  II- 

t 

lustrated  in  Part  B  is  the  collapse  of  the  pores, 
a  result  of  the  stress  load  transmitted  across  the 
granulated  bed/cast  propellant  interface.  Parts 
C  and  D  show  the  length  of  the  pore  collapse 
zone  to  increase  with  time  as  the  lead  compres¬ 
sion  waves  travel  farther  into  the  propellant 
bed.  The  finite  compression  waves  coalesce  in¬ 
to  a  shock  front  which  subsequently  shock  in¬ 
itiates  the  cast  propellant  at  a  location  <pc j 
ahead  of  the  interface.  From  this  location  a 
detonation  wave  propagates  through  the  porous 
material  while  a  retonation  wave  propagates 
back  through  the  compressed  material  (Part  E). 

In  related  research,  Setchell  (6)  studied  ramp- 
wave  initiation  mechanisms  using  waves  with 
rise-times  of  0.3  to  0.8  gs.  In  Ref.  6  the  ramp- 
waves  were  developed  by  propagation  of  an 
impact-generated  shock  wave  through  a  unique 
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material  which  has  the  property  of  spreading 
out  the  shock  front-into  a  jramp-wave.  In'  the 
work  presented  here,  the  rise-times  were'm'uch 
longer,  than  those  cited:in  (6),  typically  of  the 
order  of  tens  of  microseconds.  These  slower  rise- 
times  are  typical  pressure-time  histories  gen¬ 
erated  within  a  deflagrating  bed  of  granular 
HMX.  . 

The  purpose  of  this  work  is.  to  model  the  key 
elements  of  the  five  part,  scenario  shown  in  Fig. 
3.  A  one-dimensional  hydrodynamic  Lagrangian 
finite  difference  technique  is  used  to  numerically 
solve  the  conservation  equations.  A  static  pore 
collapse  model  (7)  which  demarcates  three 
regimes  of  deformation,  elastic,  elastic-plastic, 
and  plastic,  is  utilized  to  determine  the  rate  of 
compaction  and  the  development  of  the  solid 
plug.  Furthermore,  a  hot  spot  model  (8)  is  in¬ 
corporated  in  the  code  to  define  the  sensitivity 
to  reaction.  By  introducing  reactive  chemistry 
to  the  code,  a  strong  effort  is  made  to  model  the 
detonation  and  retonation  waves  which  are  in¬ 
itiated  by  a  shock  wa>  a  generated  from  ramp- 
wave  inputs  with  rise  times  on  the  order  of  tens 
of  microseconds.  It  was  shown  in  Ref.  (9)  that 
rise  times,  t*.  of  this  order  are  typical  for  burn¬ 
ing,  granulated  beds  which  have  lengths  less 
than  their  critical  detonation  run-up  length. 

THE  MODEL 

The  scope  of  the  work  presented  in  this  paper 
is  to  model  DDT  in  the  granulated  bed/cast  pro¬ 
pellant  configuration  shown  in  Fig.  2.  It  is 
assumed  that  the  granulated  bed  is  not  long 
enough  (L  <  cp^j)  to  undergo  DDT  in  the  usual 
sense  (Case  1),  but  by  convective  burning  can 
provide  the  driving  force  necessary  to  shock  in¬ 
itiate  the  upstream  cast  propellant.  For  this 
analysis  the  cast  propellant  is  assumed  to  have 
‘blind’  pores  and  to  be  impermeable  to  the  flow 
of  product  gases  generated  in  the  granular  bed. 
This  implies  that  only  stress  waves  can  be 
transmitted  across  the  granular  bed/cast  pro¬ 
pellant  interface.  The  rate  at  which  the  reacting 
granulated  bed  stresses  the  cast  propellant  is 
a  function  of  many  of  the  granular  bed 
parameters  including  particle  size,  loading  den¬ 
sity,  solid  density  and  reaction  rate.  In  the 
analysis  to  follow,  the  boundary  condition 
pressure-rise  rate  was  determined  by  executing 
the  DDT  code  discussed  in  Ref.  2  for  granular 
beds  with  lengths,  L.  less  than  the  detonation 


ron-upTength:  and  recording;  the.  pressure^rise 
rate  at  the  . tend  -opposite  'the-  igniter.  .  The 
pressurization- rate  inithe'  granular  bed;  dP*  / 
dt*,  is  strongly  dependent  on  the  size  of  the  par¬ 
ticles  being  consumed:  The  larger  the  particles 
being  consumed,  the  slower  the  pressurization 
rate  on  the  interface.  Thus  from  thir  type  of 
analysis  we  have  been  able  to  determinethe  P(t) 
boundary  condition  for  the  stress  wave  analysis 
ofthe  upstream  cast  propellant. 

The  P(t)  functions  obtained  from  this  model- 


ing.effort  have  been  linearized-for  this  work  and 
are  expressed  as 

P(t)  =  (P*-P0)  (tit*)  +  P0  t<t* 

(la) 

and 

P(t)  =  P*  t>  t* 

(lb) 

where  P*  is  the  maximum  stress  in  the  bed.  The 
parameter  t*  is  a  characteristic  rise-time  for  the 
ramp-wave  input  function. 

The  Lagrangian  or  material  form  of  the  gov¬ 
erning  equations  is  incorporated  in  the  hydro- 
dynamic  analysis  of  a  continuous  material  with 
a  moving  boundary.  In  the  problem  addressed, 
the  moving  boundary  is  a  result  of  the  applied 
stress  load  from  the  burning  granulated  bed. 
The  one-dimensional  unsteady  form  of  the  con¬ 
servation  of  mrss,  momentum,  and  energy 
equations  are  expressed  for  the  two-phase 
mechanical  mixture  as 


vt  =  vux 

(2) 

ut  =  -vPx 

(3) 

et  “  ~Pvt  +  Q 

(4) 

In  the  above  expressions  v  represents  specific 
volume  of  the  mixture,  u,  particle  velocity,  e, 
specific  internal  energy,  P,  total  stress,  and  Q, 
heat  added  per  unit  mass  per  unit  time.  The 
subscripts  x  and  t  indicate  partial  derivatives 
with  respect  to  the  Lagrangian  spatial  coor¬ 
dinate  and  time,  respectively.  In  addition  to  the 
conservation  equations,  a  material  equation  of 
state,  P=P(v,e)  and  appropriate  constitutive 
relations  provide  for  mathematical  closure. 

For  the  solid  material  the  equation  of  state 
Ps.(v8,es)  and  the  caloric  equation  es(vs,Ts)  are 
expressed  in  terms  of  a  Helmholtz  free  energy 
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function  (10),  ip(vs,Ts)  and  its  thermodynamic 
derivatives  through  the  Second  Law  of  Ther- 
-nodyhamfbs  reciprocity  relations 

(6» 

e,  =  V  -  T,  |-|j^)v  16) 

With  the  assumption  that  the  Gruneisen  coef¬ 
ficient  is  constant,  the  Helmholtz  free  energy 
function  takes  the  form  (10) 

V  =  J{vs)  +rCvsln(v0/vs)  (Ts-T0) 

+  CJT^nlT/rj+T.-TJ  (7) 

where  T  is  the  Gruneisen  coefficient  defined  by 
the  thermodynamic  derivative 

Hv)  =  ~  v  (  ff  )v  (8) 

and  Cvs  is  the  specific  heat  at  constant  volume 
of  the  solid  phase 


The  term  J(vs)  in  Eq.  (7)  is  a  nonlinear  volume- 
dependent  function  determined  from  shock 
Hugoniot  experiments  (10). 

With  the  introduction  of  product  gases  into 
the  system,  a  constitutive  law  for  the  gas  phase 
must  also  be  provided.  A  non-ideal  covolume 
equation  of  state  is  utilized 

Pg  =  GgRTgti  P  Kk)  (10) 

where  R  is  the  gas  constant  and  pis  a  covolume 
correction  term.  The  value  of  p  is  determined 
from  the  values  for  pressure,  temperature  and 
density  at  the  CJ  state  predicted  by  the  TIGER 
code  (11).  Table  1  gives  a  listing  of  those  values 
for  several  loading  densities  of  HMX.  In  accord¬ 
ance  with  the  reciprocity  relations  defined 
earlier  (Eqs.  (5-6) )  the  caloric  equation  of  state 
for  the  gas  phase  is 

deg  =  CvgdTg  (11) 

where  Cv„  is  the  specific  heat  at  constant 
volume  of  the  product  gases. 

The  governing  equations  (Eqs.  (2-4) )  are  ex¬ 
pressed  in  terms  of  the  thermodynamic  proper¬ 
ties  (P,v,e)  and  dynamic  variable  u  of  the 


TABLE  1 

*  CJ  Parameters  (P,T,v,D  'rom  TIGER) 


PCJ 

(GPa) 

TcjIK) 

VCJ 

(cc/g) 

D 

(mm/ps) 

P 

(cc/g) 

1 

36.57 

3840 

.4067 

9.20 

4.86 

1.06, 

32.25 

3973  , 

.4260 

8.77 

4.50 

1.12 

28.50 

4083 

.4471 

8.36 

4.22 

1.19 

25.20 

4171 

.4707 

7.98 

4.00 

1.27 

22.22 

.4280 

.5276 

.  7.33 

3.74 

1.46 

17.26 

4304 

.5629 

7.05 

3.68 

two-phase  mixture.  The  individual  phase 
volumes  sum  to  equal  the  total,  VT=VS  +  Vg 
where  Vi=vimi(i=g,s).  Likewise  for  the  mixture 
total  energy,  ET=Eg+Es. 

We  define  the  material  porosity  {a)  as  the  ratio 
of  total  volume  to  volume  occupied  by  the  solid 
phase 

a  =  vTIVs  (13) 

and  incorporate  a  3-step  static  material  collapse 
model  (7).  Current  work  by  our  research  group 
involves  an  investigation  of  the  more  realistic 
dynamic  material  response  models. 

A  first  order  Arrhenius  burn  model  is  used  to 
describe  the  chemical  decomposition  of  the  reac¬ 
tive  material 

=  -ZW  exp  (— E*/RT*)  (14) 

In  the  above  equation  W  is  the  mass  fraction 
of  unreacted  explosive,  W=  ms/mso,  Z  is  the  fre¬ 
quency  factor,  E*  is  the  activation  energy,  R, 
the  universal  gas  constant  and  T*.  the  charac¬ 
teristic  burn  temperature.  During  compression 
of  the  porous  bed,  T*  represents  a  “hot  spot" 
temperature  due  to  irreversible  heating  at.pore 
sites.  The  localized  hot  spot  temperature  is  dif¬ 
ferent  from  the  bulk  shock  temperature,  and  is 
calculated  from  an  energy  partition  model  (8). 
The  underlying  assumption  in  this  hot-spot 
model  is  that  the  shocked  porous  material  is  at 
one  of  two  possible  temperatures,  a  bulk  shock 
temperature  T,  or  a  hot  spot  temperature  TH. 
The  energy  deposited  by  the  shock  wave  is 
equated  on  a  mass  fraction  basis  to  the  sum  of 
the  reversible  work  done  in  isentropically 
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compressing  the  bulk- of  the  material,  plus  the 
irreversible-heating*  oflocalizedhot,  spots'  (8) 

^  (vt0  -v)  =  WHe(v,TH) 

+  (l-WH)ei(P).  (15) 

In  Eq.  (15)  the  left-hand  side  represents  the 
total  energy  deposited  in  theunaterial  by  the 
shock  of  strength  P.  The  term  ej(P)  represents 
the  energy  required  to  isentropically  compress 
the  bulk  of  the  material  to  the  final  shock 
pressure  and  the  remaining  energy  term, 
e(v,TH),  is  the  energy  available  to  irreversibly 
heat  the  hot  spots.  This  model  assumes  the 
mass  fraction  of  the  hot  spots,  WH,  to  be  equal 
to  the  preshock  volume  fraction  of  pores. 

WH  =  (vjv  so~l)  =a0-l  (16) 

Here,  the  subscript  “to”  represents  the  initial 
porous  state  and  the  subscript  “sc”  refers  to 
the  homogeneous  initial  state.  This  particular 
macroscopic  hot  spot  model  was  chosen  since 
it  is  more  applicable  to  the  problem  at  hand.  The 
reader  should  consult  other  papers  in  this  vol¬ 
ume  for  one  of  the  more  detailed  microscopic 
approaches  to  the  theory  of  hot  spots. 

Equations  (2-16)  define  the  fluid  motion  and 
thermodynamic  state  of  continuous,  reactive, 
porous  media.  The  system  of  equations  are 
solved  by  using  a  finite  difference  numerical 
technique.  At  t=0  the  bed  of  porous  propellant 
is  discretized  into  J  cells  labeled  from  left  to 
right  as  j=J,2,  . . . ,  J.  The  thermodynamic  pro¬ 
perties  pressure,  temperature,  interna5  energy 
and  specific  volume  are  assumed  to  be  constant 
over  the  width  of  each  ceil.  At  the  boundaries 
between  the  cells,  values  for  particle  velocity 
and  spatial  location  are  assumed  known  at  t=0. 
The  reader  is  referred  to  Ref.  12  for  a  listing  of 
the  finite  difference  approximations  to  the 
governing  differential  equations  and  con¬ 
stitutive  relations. 

RESULTS 

As  stated  earlier,  the  purpose  of  this  work  is 
to  predict  the  transient  events  leading  to 
detonation  in  a  bed  of  porous,  cast  propellant 
being  stress  loaded  at  one  end  by  a  burning, 
granulated  bed  of  the  same  material.  In  qur 
preliminary  calculations,  we  found  that  rise- 
times  of  10  ps  <  t*  <  30  p s  were  typical  of  most 


X-locatlon  (cm) 


Fig.  4.  Pressure-distance  profiles  for  SDT  test 
case.  Part  A,  t—lps;  Part  B,  t=3n$;  Part  C, 
t~5ji:i.  The  material  is  HMX  (q0  ~1.9g/cc) 
D—9.3mm/n$.  See  Table  2  for  other 
CJ-parameters. 


of  the  granulated  beds  studied:  Note  that  these 
are  greater  than  those  cited  earlier  (6). 

As  a  test  of  the  numerical  solution  technique, 
the  first  calculations  considered  a  homogeneous 
bed  of  HMX,  This  case  was  selected  since  HMX 
represents  one  of  the  energetic  constituents  of 
modem  day  propellants.  A  shock  strength 
(t*-*0)  of  10  GPa  was  used  to  initiate  a  detona¬ 
tion  in  the  bed.  Figure  4  shows  a  sequence  of 
P-x  profiles  prior  to  and  after  detonation.  Listed 
in  Table  2  are  the  CJ  parameters  predicted  by 
the  computer  code  along  with  the  CJ  param¬ 
eters  predicted  by  TIGER  (11).  As  stated 
earlier,  this  exercise  was  only  conducted  in  order 
to  check  the  consistency  of  the  computer  code. 


TABLE  2 
CJ  Parameters 


Pcj 

TCJ 

VCJ 

D 

(GPa) 

(K) 

(cc/g) 

( mmlps ) 

Ref.  9 

36.57 

3840 

0.4067 

9.20 

DDT  Code 

38.90 

3953 

0.4041 

9.39 

The  next  step  in  the  research  was  to  show  that 
the  code  could  reproduce  experimental  data  for 
shock  initiating  porous  materials.  Several  calcula¬ 
tions  were  made  using  an  initial  porosity  which 
matched  the  one  used  in  experiments  conducted 
by  Dick  (13).  The  results  are  shown  in  Fig.  5,  a 
Pop-plot  of  cpoj  vs.  P*.  As  the  figure  indicates, 
the  slopes  agree  for  P*  >  2.2  GPa.  For  1.5  GPa 
<  F*  s  2.2  GPa,  our  calculations  show  little 
change  in  run-up  distance  as  a  function  of  P*. 


ref.  iT'’5'" 

'  1.0  2.0  4.0 

Input'  Stress  (GPo) 

Fig.  5.  Pop-plot  data  for  porous  HMX.  Solid  line 
represents  data  from  Ref.  9,  dashed  line  are  data 
from  DDT  computer  code 


Several  cases,  with  various  maximum  input 
stresses,,  characteristic  rise  times  and  initial 
porosities,  were  chosen  to  test  the  trends  of  the 
computer  model.  The  first  case  considered  has  an 
initial  porosity  of  a0=1.1176,‘and  is  initiatied  by 
a  “ramp”  wave  with  a  maximum  input  pressure 
of  P*=  2  GPa  and  characteristic  rise  time  of 
t*=10  ptsec.  Figures  6-8  illustrate  the  distribution 
history  of  three  key  parameters,  namely  P,  a,  and 
(1-W).  For  this  particular  case,  'three  specific 
segments  in  time  were. chosen  for  illustration  pur¬ 
poses.  The  first  time  shown  in  all  the  three 
separate  figures  is  t=10  nsec.  By  viewing  Fig.  6a, 
one  can  see  that  the  compression  wave  has  prop¬ 
agated  into  the  bed  to  a  distance  of  1.5  cm.  Notice 
even  though  the  left  boundary  has  reached  the 
maximum  input  stress,  shown  approximately  at 
a  location  of  2  mm  into  the  bed,  the  shock  front 
has  not  fully  developed.  Figure  7a  illustrates  the 
closure  of  the  voids  as  a  result  of  the  compres¬ 
sion  wave.  One  can  see  from  Fig.  8a  (gas-phase 
mass  fraction)  that  the  reaction  has  yet  to 
commence. 

As  time  progresses  to  12  psec,  Fig.  8b  .’hows 
that  the  reaction  has  commenced.  This  occurrence 
can  also  be  viewed  by  an  in  rease  in  porosity 
(alpha),  as  displayed  in  Fig.  7b  at  that  instant. 
Induced  by  the  initiation  of  propellant  decomposi¬ 
tion,  an  increase  in  strength  of  the  compression 
front  occurs,  as  is  evident  in  Fig.  6b.  With  the 
increase  in  the  degree  of  reaction,  the  chemical, 
energy  further  contributes  to  strengthen  the  com¬ 
pression  front. 

At  t  =  13  psec,  the  decomposition  of  the  pro¬ 
pellant  is  complete  in  a  small  region  of  the  bed 
near  x  =  2  cm,  as  pictured  in  Fig.  8c.  The  porosi¬ 
ty  distribution,  displayed  in  Fig.  7c  (at  13/usec), 
shows  compression  ahead  of  the  decomposition 
region.  The  net  effect  of  all  of  this  is  a  right  mov¬ 
ing  detonation  wave  and  a  left  (or  rearward)  mov¬ 
ing  retonation  wave,  as  illustrated  in  Fig.  6c.  Note 
that  the  retonation  wave  has  a  higher  peak 
pressure  than  the  detonation  wave,  due  to  the 
higher  density  of  the  material  the  wave  is  prop¬ 
agating  through.  The  steady  detonation  wave 
continues  to  propagate  even  further  into  the  bed 
at  a  predicted  CJ  pressure  of  25  GPa  and  a  cor¬ 
responding  CJ  temperature  of  3923  K. 

In  addition  to  the  figures  just  presented,  the 
locus  of  the  stress  and  reaction  fronts  are  shown 
in  Fig.  9.  The  dashed,  line  depicts  the  stress  wave 
as  propagation  into  the  bed,  initiating  the 
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Fig.  6a  Pressure-distance  profile  at't=10ps  for 
porous  (a0— 1.1176)  HMX.  No  reaction  noticeable 


Fig.  6b.  Pressure-distance  profile  at  t— 12ps. 
Reaction  has  commenced 


reaction  with  Pqj  =■  25  GPa,  D  —  &8  mm/psec 

detonation  at  t  =  12.41  *tse c,  at  x  =  2.05  cm. 
The  solid  lines  represent  the  locus  of  the  right  and 
lift  traveling  detonation  fronts.  Figure  9  also 
shows  the  termination  point  of  the  retonation 
wave.  A  change  in  velocity  is  apparent  in  the  left 
traveling  wave  at  the  termination  point.  The 
slopes  of  the  solid  lines  correspond  to  a  detona¬ 
tion  and  retonation  velocity  of  D  =  8.8  wm/psec 
and  R  =  9.1  mm/psec,  respectively. 


Fig.  7a.  Porosity-distance  profile  prior  io  detona¬ 
tion  (a0  —  1.1176)  at  t  =  lOps.  a  =  1.0  indicates 
complete  compaction 


Fig.  7b.  Porosity-distance  profile  at  t  —  12p* 
showing  the  reaction  zone  development 


Fig.  7c.  Porosity-distance  profile  at  t  =  15ps 
showing  detonated  zone  (1.6  <x  <2.6  cm) 


As  stated  earlier  in  the  text,  the  granular  bed 
(Zone  2,  Fig.  2)  provides  the  driving  force  to  shock 
initiate  the  cast  material  (Zone  1,  Fig.2).  In  addi¬ 
tion,  the  pressure-rise  rate  at  the  Zone  1/Zone  2 
interface  is  a  function  of  several  key  parameters 
in  the  granulated  bed.  Figure  10  illustrates  the 
influence  of  pressure-rise  rate  on  the  run-up 
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Fig.  8a.  Reacted  mass  fraction-distance  profile 
at  t  =  lOfts  showing  no  reaction. 


Fig.  8b.  Reacted  mass  fraction-distance  profile 
at  t  -  12/iS  showing  initiation  of  reaction. 


Fig.  8c.  Reacted  mass  fraction  profile  at  t  =  13/is 
showing  zone  of  complete  decomposition  (1.6 
<  x  <  2.6  cm). 


distance  to  detonation,  (Pqj.  Data  are  presented 
for  four  different  values  of  t*  (1,3,5  and  10  ps, 
respectively).  The  slower  rise  r^te,  t*  =  10  ps,  cor¬ 
responds  to  a  granular  bed  with  d0  =  500  pm 
particles  driving  the  shock  build-up  process. 
Previous  calculations  show  that  HMX  particles 


of  this,  size  would  require  a  rather  long  bed  length 
in  order  to  DDT  in  the  Case  1  situation.  In 
general,  one  would  expect  a  greater  run-up 
distance  to  correspond  to  a  longer  characteristic 
rise  time  for  a  specific  input  pressure,  since  the 
compression  front  will  reach  the  critical  pressure 
needed  to  initiate  detonation  later  for  the  longer 
characteristic  rise  time.  Indeed,  Figure  10 
demonstrates  the  occurrence  of  a  longer  run-up 
distance  for  a  specific  input  pressure  for  a  longer 
characteristic  rise  time.  Therefore,  for  low  input 
pressures  and  critically  long  characteristic  rise 
times,  detonation  is  not  expected  to  occur  in  a 
ten  centimeter  bed,  eliminating  the  hazard  of 
DDT  in  the  Case  2  configuration.  In  regards  to 
the  actual  rocket  motor  configuration,  this  im¬ 
plies  that  the  DDT  Case  2  hazard  does  exist  if 
the  granular  particles  are  sufficiently  small  and 
the  Zone  1  bed  length  is  greater  than  cpa  for  the 
corresponding  dP*/dt*. 

Figure  11  shows  the  run-up  distance  to  detona¬ 
tion  <Pqj  as  a  function  of  t*,  the  compression 
wave  rise  time,  for  two  values  of  initial  porosity, 
cp0.  Here,  the  sample  with  the  lower  o0  is  ob¬ 
served  to  have  a  shorter  run-up  distance  than  the 
more  porous  sample.  This  is  explained  as  follows. 
Although  the  higher  porosity  material  has  a 
larger  hot  spot  volume  (as  predicted  by  Eq.  (16) ), 
the  low  porosity  material  has  a  much  higher  local 
density  and  thus  contributes  more  energy  to  the 
shock  front  upon  decomposition. 


CONCLUSIONS 

It  has  been  shown  by  numerical  simulation  that 
under  certain  circumstances  a  porous,  cast  pro¬ 
pellant  will  transition  to  a  detonation  when  stress 
loaded  in  a  ramp-wave  fashion  by  an  adjacent  bed 
of  granulated  propellant.  Rise-times  for  the  waves 
studied  ranged  from  1  ps  to  30  ps,  much  longer 
than  previously  studied.  In  most  cases,  the  bed 
detonated  at  a  location  downstream  of  the  stress- 
loaded  boundary  and  exhibited  detonation  prop¬ 
erties  as  predicted  by  an  independent  thermo¬ 
equilibrium  calculation.  In  addition,  an  energy 
sustaining  retonation  wave  was  shown  traveling 
rearward  towards  the  driving  wall.  The  values 
predicted  for  the  detonation  properties  were  in 
agreement  with  TIGER  data. 
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Fig.  9.  Physical  plane,  showing  compression, 
detonation  and  retohation  fronts 
(a  =  1.1176,  P*  =  2GPa,  t*  -  lps) 


Fig.  10.  Predicted  effect  of  pressure-rise  rate  on 
detonation  run  up  distance  (Pqj.  Slower  rise  times 
result  in  longer  run  up  distance  (Pqj. 


Fig.  11.  Effect  of  ramp  wave  rise  time  on  run-up 
distance  to  detonation  for  two  different  initial 
porosities  a0 


LIST  OF  SYMBOLS^ 

Cv  specific  heat  (erg/g/K) 

d  particle  diameter  (cm) 

e  specific  internal  energy  (erg/g) 

E  total  energy  (erg) 

E*  activation  energy  (erg/mole) 

L  bed  length  (cm) 

m  mass  (g) 

<Pqj  detonation  run-up  length  (cm) 

P  stress  (dynes/cm?) 

P*  maximum  axial  stress  (dynes/cm2) 

Q  chemical  energy  release  rate  (erg/g/s) 
R  gas  constant  (erg/g/K) 

R  universal  gas  constant 

t  time  (s) 

t*  characteristic  rise  time(s) 

T  temperature  (K) 

T*  characteristic  bum  temperature  (K) 
u  particle  velocity  (cm/s) 

v  specific  volume  (cm3/g) 

V  volume  (cm3) 

W  unreacted  mass  fraction 

x  spatial  location  (cm) 

Z  frequency  factor  (1/s) 

Greek 

o  V^VS  =  1/(1  -  <j>) 

ft  covolume  (cm 3/g) 

T  Gruneisen  coefficient 

4  porosity,  Vg/VT 

Q  density  (g/cm3) 

tp  Helmholtz  free  energy  (erg/g) 

Subscripts 

CJ  Chapman-Jouguet  state 
i  isentrope 

g  gas 

H  hot  spot 

o  initial  state 

x  d()t  dx 

s  solid 

t  3()/3t 
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BEHAVIOR  OF  THE  POROUS  BED 
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P.O.  Box  301  —  68301  Saint-Louis,  France  (ISL) 


In  highly  confined  pulverulent  RDX-wax  the  transition  from  deflagra¬ 
tion  to  detonation  is  a  rapid  and  well-localized  phenomenon,  resulting 
from  a  shock  running  downstream.  In  ball  powder  this  transition  is 
a  progressive  and  continuous  phenomenon.  It  is  shown  that  the  tran¬ 
sition  mode  is  not  directly  related  to  the  chemical  composition  of  the 
reactive  bed,  but  that  this  difference  of  behavior  is  due  to  mechanical 
properties  of  the  grains. 


On  the  7th  Symposium  on  Detonation  at  An¬ 
napolis  in  1981,  we  presented  a  series  of  results 
on  the  :r?nsition  combustion-deflagration- 
detonation  h.  pulverulent  RDX-wax  confined  in 
a  steel  tube.  This  presentation  concerns  the 


continuation  of  this  study.  The  same  experimen¬ 
tal  set-up  as  before  has  been  applied  to  a  ball 
powder.  The  results  lead  us  to  a  particular  study 
of  the  behavior  of  the  porous  reactive  bed  dur¬ 
ing  transition. 


lgnlccr  thock  probt  H*n*»oin  p|il 


1.  EXPERIMENTAL  SET-UP 

We  chose  a  classical  experimental  set-up  in 
order  to  make  use  of  the  important  number  of 
data  published  on  this  topic  (1,2,3).  We  were  not 
interested  in  an  exhaustive  study  of  parameters 
which  are  involved  in  transition  but  we  tried  to 
understand  some  of  the  essential  mechanisms. 

Figure  1  shows  a  schematic  presentation  of 
the  set-up.  It  is  a  thick  steel  tube  (16mm  ID, 
50mm  OD,  390mm  length)  with  heavy  end 
closures.  Two  kinds  of  gages  are  distributed 
along  the  tube.  Ionisation  pins  which  detect  the 


passage  of  the  combustion  front  and  needle  pins 
detecting  the  shock  waves  on  the  tube’s  outer 
surface.  The  results  are  registered  on  a 
multichronometer  (resolution  1  ns)  triggered  by 
the  first  ionisation  pin.  Manganin  gages  are 
placed  in  an  inert  medium  to  allow  larger 
measurements  and  register  pressure  profiles  as 
a  function  of  time  in  the  porous  bed.  The  igniter 
is  a  thick  wire  (0.3mm)  heated  by  a  24V  battery 
reinforced  by  50mg  of  a  mixture  of  potassium 
nitrate  with  zirconium  and  titanium.  It 
generates  neither  gas  nor  shock. 
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II.  RESULTS  WITH  RDX 

We  used  as  explosive  RDX  with  5%  wax  with 
a  grain-size  of  150-200  pm  (95%),  80  /um  (4%), 
<40  /mi(l%).  It  was  gently  pressed  at  8  MPa 
and  the  resulting  density  was  1.28  g/cm~3  (73% 
TMD).  Figure  2  shows  the  results  of  the  test. 
One  recognizes: 

I  an  accelerated  combustion  zone, 

II  a  deflagration  zone  with  constant 
velocity  (450  ms"1), 

III  a  transition  zone, 

IV  the  full  detonation. 


It  can  be  seen  that  transition  is  the  result  of 
the  interaction  of  a  shock  running  downstream 
(2000  ms"1)  with  the  combustion  zone.  The 
special  study  of  this  shock  and  the  deflagration 
at  constant  velocity  has  already  been  presented 
(4). 


Fig.  2.  Combustion  and  shock  front  path  in 
waxed  RDX 


III.  RESULTS  IN  BALL  POWER 

We  used  the  same  set-up  and  the  same 
loading  method  to  examine  a  double-base  ball 
powder.  The  grain-diameter  was  400  pm  and  the 
loading  density  was  1.07  g/cm"3.  The  results 
can  be  seen  on  Figure  3.  The  trajectory  of  the 
combustion  wave  is  continuous  and  the  wave 
accelerates  progressively  until  it  reaches  the 


detonation  velocity  D=5240  ms"1.  The  transi¬ 
tion  itself  cannot  be  precisely  localized,  there  is 
no  bend  in  the  curve.  The  needle  pins  detect  no 
shock  at  all,  their  responses  are  random  in  time 
and  correspond  to  strong  pressure  waves. 


IV.  POSSIBLE  PHENOMENOLOGICAL 
EXPLANATION  OF  THE  TWO 
TRANSITION  MODES 

In  the  classical  DDT  scheme  combustion 
gases  are  injected  into  the  porous  medium.  The 
injection  increases  the  volume  of  the  reaction 
zone  and  the  burning  surface  area  and  leads  to 
an  Increase  of  the  measured  combustion  veloci¬ 
ty  and  of  the  pressure.  This  brings  about  a  new 
gas  injection  and  so  on  until  transition  takes 
place. 

That  scheme  fully  explains  the  continuous 
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Fig.  3.  Combustion  front  path  in  ball-powder 

transition  inside  the  powder.  In  case  of  the  ex¬ 
plosive  the  deflagration  at  constant  velocity  is 
regarded  as  a  dynamic  equilibrium  between  gas 
injection  in  the  pores  and  their  closure  by  the 
pressure  waves  resulting  from  the  pressure  in¬ 
crease.  The  flow  is  blocked  and  the  combustion 
is  quasi-stationary.  Most  often  the  brutal  tran¬ 
sition  to  detonation  is  explained  by  the  forma¬ 
tion  of  a  compact  non-permeable  stopper  which 
leads  to  a  steep  pressure  rise  and  a  SDT. 
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Another  theory  presented  by  AKHATOV  and 
VAINSHTEIN  (5,6)  is  based  on  the  different 
behavior  of  the  porous  beds  during  the  compres¬ 
sion  by  the  combustion  gases.  If  the  mechanical 
compacting  energy  of  the  solid  particles  propa¬ 
gates  in  an  elastic  way  in  the  porous  bed,  the 
volume  of  the  combustion  zone  reaches  a  limit 
value  and  provokes  a  rapid  and  stable  deflagra¬ 
tion.  If  the  mechanical  energy  injected  in  the 
porous  bed  results  in  important  plastic  defor¬ 
mations  and  shears  in  the  grains,  the  liberated 
energy  can  trigger  the  combustion  and  increase 
the  reacting  volume  leading  to  a  progressive 
transition.  In  a  test  series  we  tried  to  make  a 
choice  between  these  two  models. 

V.  BEHAVIOR  OF  THE  POROUS  BED 
DURING  COMBUSTION 
In  the  RDX  the  registration  of  pressure  pro¬ 
files  as  a  function  of  time  with  a  Manganin  gage 


Fig.  4  Manganin  gages  pressure  profiles  in 
RDX 

l  deflagration  zone 
II  transition  zone 


shows  a  regular  wave  profile  corresponding  to 
the  observed  phenomena  (Fig.  4.).  If,  however, 
the  combustion  of  the  reactive  column  is  stop¬ 
ped  before  transition  by  a  thick  inert  stopper 
in  the  bed,  it  can  be  seen  on  the  recovered  con¬ 
finement  tube  that  a  large  deformation  near  the 
downstream  end  closure  has  taken  place  (Fig. 
5).  This  deformation  shows  the  result  of  the 
reflexion  of  the  compression  waves.  (Measure¬ 
ment  of  the  density  of  the  porous  bed  during 
the  transition  leads  to  the  same  observation  (4).) 

In  the  ball  powder,  and  i.i  the  same  conditions 
the  Manganin  gages  data  cannou  be  explained 
by  pure  compression  wave. 


Fig.  6.  Voltage  delivered  by  a  Manganin  (Vy 
and  a  conslantan  (Vt)  gage  in  ball  powder. 
Resulting  pressure  profile  (p) 


Fig.  5.  Steel  tube  recovered  after  RDX  combustion 


Fig.  7.  Steel  tube  recovered  after  ball  powder  combustion 
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a)  fine  RDX 
c)  coarse  RDX 


Fig.  8.  Fpur  types  of  reacting  material 


b)  ball  powder 
d)  grounded  ball  powder 


Simultaneous  measurement  with  Manganin  and 
constantan  gages  of  the  pressures  and  the 
strains  in  the  porous  bed  shows  important 
shears  (Fig.  6).  These  results  reveal  the  impor¬ 
tant  mechanical  work  inside  the  porous  bed. 
Finally,  observations  of  the  recovered  confine¬ 
ment  tube  in  the  same  conditions  as  before  show 
that  the  compression  waves  only  propagate 
near  the  combustion  front  and  that  their 
behavior  is  inelastic  (Fig.  7). 

VI.  MODIFICATION  OF  THE  STRUC¬ 
TURES  OF  THE  POROUS  BED 

In  a  test  series  we  have  compared  the  results 
obtained  with  four  different  kinds  of  reactive 
material. 

a)  RDX-wax  (95-5),  irregular  crystals,  grain- 
size  150-200  /im  (95%),  80  pm  (4%),  <40  pm 
(1%); 

b )  double-base  ball  powder,  grain-size  400  pm; 

c)  RDX-wax  (95-5)  quasi-spherical  crystals, 
grain-size  350-400  pm; 

d)  double-base  ball  powder  grounded  and 
screened,  grain-size  150-200  pm  (95%),  <150 
pm  (5%). 

Figure  8  shows  an  enlarged  view  of  these  four 
materials.  The  results  of  the  DDT  test  are  given 
in  Figures  9-10.  If  we  take  into  account  the  total 


duration  of  the  phenomenon  which  depends  on 
the  chemical  reaction  we  find  that  a  and  d  and 
b  and  c  are  comparable.  If  we  take  into  account 
the  shape  of  the  trajectories  of  the  combustion 
fronts  which  depends  on  the  transition  mode  we 
find  that  a  and  d  and  b  and  c  are  comparable. 

On  the  other  hand  the  shock  trajectories 
given  by  the  needle  pins  show  inside  the  fine 
RDX  (a)  a  shock  coming  from  behind,  its  origin 
is  unexplained  up  to  now.  To  verify  the  nature 
of  the  phenomenon  we  have  introduced  a  stop¬ 
per  into  the  porous  bed  just  before  the  transi¬ 
tion  zone.  This  stopper  consists  of  the  same  ex¬ 
plosive  pressed  up  to  theoretical  density.  In  the 
test  this  stopper  had  no  influence  on  the  tran¬ 
sition  which  occurred  at  its  habitual  position. 


VII.  CONCLUSION 

It  seems  nowadays  well  estabb'shed  that  the 
mechanical  and  thermical  behavior  of  the 
porous  bed  under  the  influence  of  compression 
waves  is  the  most  important  parameU  which 
controls  the  mode  of  transition  in  the  »eactive 
media.  We  will  continue  our  studies  to  deter¬ 
mine  the  origin  of  the  shock  which  is  responsi¬ 
ble  for  the  transition  in  the  medium  with  sta¬ 
tionary  deflagration. 
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Fig.  9.  Combustion  front  path  in  fine  RDX  (a) 
and  grounded  ball  powder  (d) 
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Fig.  10.  Combustion  front  path  in  ball  powder 
(b)  and  coarse  RDX  (c) 
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The  detonation  behavior  of  X-0233,  a  heavily  tungsten-loaded  HMX 
explosive,  has  been  studied  using  failure  diameter  measurements,  plate 
dents,  and  aquarium  tests.  A  model  with  features  resembling  those 
of  a  weak  detonation  describe  the  experimental  results. 


I.  INTRODUCTION 

Heavy-metal-loaded  explosives  have  been  in¬ 
vestigated  at  various  times  in  the  past  for  ap¬ 
plications  in  achieving  metal  motion  with 
minimal  fragmentation  (1).  However,  aside  from 
empirical  information  on  their  special  perfor¬ 
mance  characteristics,  their  behavior  has  not 
been  well  understood. 

Al’tschuler  et  al.  have  proposed  a  theoretical 
model  which  envisioned  multiple  detonation 
wavelets  propagating  in  the  high  explosive  in  the 
interstices  between  metal  particles  and  being 
observed  macroscopically  as  a  detonation  with 
an  average  propagation  velocity.  This  velocity 
would  be  lower  than  in  pure  explosive  because 
of  the  path  taken  by  the  detonation  front  be¬ 
tween  the  metal  particles,  resulting  in  a  nonideal 
explosive.  Calculated  detonation  pressures  (2)  are 
much  greater  than  those  observed  for  these 
systems  when  using  computational  methods 
that  work  well  for  ideal  explosives. 

We  have  made  a  thorough  study  of  X-0233,  a 
heavily  tungsten-loaded  HMX  explosive 
fabricated  at  Los  Alamos,  using  various  ex¬ 
perimental  and  theoretical  techniques,  and  have 
developed  an  understanding  of  the  operative 
mechanisms  in  the  detonation  of  this  material. 
The  mechanisms  explain  and  correlate  seeming¬ 
ly  contradictory  data. 

II.  EXPERIMENTAL  RESULTS 

A.  Failure  Measurements.  Several  types  of  ex¬ 
periments  have  been  performed  to  determine  the 
detonation  properties  of  X-0233.  This  material 
consists  of  85.48  wt%  W,  13.22  wt%  HMX,  0.8 
wt%  polystyrene,  and  0.5  w%  DOP  (55/34/11% 


by  volume).  The  density  of  the  pressed  material 
is  7.47  g/cc. 

Failure  size  of  X-0233  was  determined  using 
two  different  plate-dent  configurations,  shown 
in  Figs.  1  and  2.  In  the  first  geometry,  a  cone 
of  the  explosive  was  laid  on  a  mild  steel  plate. 
The  cone  was  127  mm  in  altitude  and  had  a  half 
angle  of  5.7°  at  the  apex.  It  was  initiated  by  a 
P16  planewave  lens  from  the  base,  and  the 
detonation  was  allowed  to  travel  down  the 
material  axis  until  it  failed.  A  measurement  of 
the  length  of  the  plate  dent  and  the  smear 
camera  record  obtained  indicated  a  failure 
diameter  of  2.5  mm.  Due  to  the  convergent 
geometry,  we  interpret  this  failure  size  as  a  lower 
limit:  even  after  failure,  the  shock  front  might 
have  coasted  for  some  time  before  it  ceased  to 
produce  a  dent  in  the  metal,  or  light. 

The  second  failure  experiment  consisted  of  a 
wedge  instead  of  a  cone,  initiated  with  a  line- 
wave  generator.  This  system  was  recorded  in  the 
same  manner  as  the  conical  one.  However,  while 
being  overdriven  in  one  dimension,  it  is  divergent 
in  the  other,  and  so  would  be  expected  to  give 
a  larger  failure  thickness  measurement  than  the 
diameter  obtained  above.  In  fact,  this  was 
observed,  and  we  measured  a  failure  thickness 
of  3.25  mm. 

B.  Aquarium  Tests.  Aquarium  tests  were  per¬ 
formed  to  obtain  detonation  velocity,  shock  and 
particle  velocities,  detonation  pressure,  and 
temperature  effects.  These  tests  were  also  done 
in  two  distinct  configurations  using  different  op¬ 
tical  diagnostics. 
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Fig.  1.  Schematic  setup  of  failure  cone  experi¬ 
ment  Smear  camera  image  slit  is  aligned  with 
flash  gap  on  cone  surface 


Fig.  2.  Schematic  setup  of  failure  wedge.  Smear 
camera  slit  observes  flash  gap  on  wedge  face 

One  aquarium  test  for  this  type  of  explosive, 
which  can  be  pressed  and  fired  as  a  bare  cylin¬ 
drical  charge,  is  a  modification  of  the  large  scale 
test  used  to  examine  commercial  blasting  agents 
(3,4).  The  water  tank  volume  is  approximately 
28  J00  cc  and  the  standard  explosive  diameter 
is  25mm.  Multiple  exposure  image-intensifier 
camera  pictures  are  taken  of  the  detonating 
cylinder  so  that  detonation  velocity  and  wave 
structure  may  be  observed  and  recorded. 

Initially,  two  shots  were  fired,  each  yielding 
two  doubly  exposed  frames  of  film.  One  shot  was 
done  at  ambient  temperature  and  the  other  at 
— 54°C  (using  ethanol  instead  of  water  in  the 
tank).  Alt  hough  the  equation  of  state  of  ethanol 
was  not  known  at  —  54°C,  we  only  needed  to  cor¬ 
rect  for  the  density  difference  between  it  and 
water  to  empirically  compare  the  shot  data.  We 
determined  this  to  be  sufficient  by  first  testing 
PBX  9501,  which  should  show  no  change  with 


temperature:  There  was  also  no  evidence  of 
degradation  of  performance  with  lower  temper¬ 
ature  in  X-0233  at  the  25  mm  diameter;  however, 
we  do  not  know  if  there  might  be  some  effect 
with  smaller  diameter  charges,  especially  as  the 
failure  diameter  is  approached. 

From  the  aquarium  test  we  get  pictures  show¬ 
ing  the  positions  in  the  x— t  plane  of  the  trajec¬ 
tory  of  the  shock  front  in  the  fluid  and  of  the 
material  interface  between  shocked  fluid  and 
detonation  product  gases  (the  “bubble”).  We  also 
measure  detonation  velocity  from  the  known 
times  of  the  exposures  and  the  measured  dis¬ 
tance  between  the  detonation  fronts  along  the 
charge  axis. 

Detonation  velocity  was  measured  to  be  be¬ 
tween  4.50  and  4.64  mmlps,  averaging  to  4.54 
mm/ps.  Bubble  trajectories  from  the  two  ex¬ 
posures,  representing  the  detonation  at  two  dif¬ 
ferent  positions  in  the  explosive  cylinder,  can  be 
overlayed  with  no  discernible  differences.  Since 
the  two  exposures  are  taken  at  approximately 
three  and  five  charge  diameters  in  distance  down 
the  charge  from  the  detonator,  we  take  their 
agreement  to  be  an  indication  of  the  existence 
of  a  steady  detonation  in  the  material. 

The  basic  aquarium  test  picture  is  shewn  in 
Fig.  3.  We  see  the  detonation  front  at  both  times 
and  the  bubble  and  shock  front  expanding  into 
the  water.  In  comparison  with  a  simile r  photo¬ 
graph  from  PBX  9501  (Fig,  4),  the  interface  in 
X-0233  shows  a  great  deal  of  structure.  We  will 
return  to  this  point  later  in  our  discussion. 

We  have  fit  the  curves  of  these  bubbles  and 
shock  front*  with  power  functions  of  the  form 

R  -  R0  =  p/2  +  P3 

by  nonlinear  regression,  where  R  is  the  radial 
position  of  the  front  measured  from  the  axis  of 
symmetry,  R0  is  the  initial  charge  radius,  z  is 
the  reduced  time,  and  Pj,  P2,  P3  are  coefficients 
determined  by  a  least  squares  fit.  These  curves 
.u-e  shown  in  Figs.  5  and  6,  while  the  actual  coef¬ 
ficients  are  in  Table  I.  While  initially  the  X-0233 
products  are  not  expanding  as  fast  as  the  PBX 
9501  products,  in  time  the  X-0233  will  overtake 
the  PBX  95pl  bubble.  The  shock  expansion, 
however,  remains  behind  that  of  PBX  9501. 
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obtained  as  functions  of  Z. 


Fig.3.  Image-intensifier  carnem.phdtogra.ph  of 
detonating  X-0233  in  wafer  aquarium.  Shot 
C-5412 


Fig.  4.  Image-intensifier  camera  photograph  of 
detonating  PBX  9501  in  water.  Shot  C-4972 


By  differentiating  the  fit  to  the  bubble  with 
respect  to  z,  we  get  the  velocity  of  expansion  of 
the  detonation  product  gases.  These  curves  are 
shown  in  Fig.  7  for  X-0233  and  PBX  9501.  These 
curves  illustrate  again  that  PBX  9501  has  a  very 
large  expansion  velocity  initially,  which  then 
drops  below  that  of  X-0233  at  later  times. 

A  measure  of  the  impulse  carried  by  the 
detonation  product  is  I  =  f  vdt,  where  v  is  the 
expansion  velocity  as  a  function  of  time.  Since 
the  densities  of  X-0233  and  PBX  9501  are  dif¬ 
ferent  we  know  that  a  large  part  of  the  dif¬ 
ference  in  energy  transport  will  be  determined 
by  the  mass  term,  but  we  can  calculate  the  in¬ 
tegrals  by  using  the  expansion  velocities  already 


AMBIENT  SHOCKS 


3cil»<  Z  Am  (/imc) 

Fig.  5.  Shock  front  profiles  of  PBX  9501  com¬ 
pared  with  X-0233  at  ambient  tempemture.  Shots 
C-5067  and  C-5412 


AVStENT  BUBBLES 
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Fig.  6.  Bubble  interfaces  of  PBX  9501  and 
X-0233 at  ambient  te,.iperature.  Shots  C-5067 and 
C-5412 

Thus  we  have 

I  =  fm&fedf 
J  dz  dt 

After  looking  at  the  velocity  curves  (Fig.  7),  we 
see  that  we  can  approximate  the  integrals  by 
simply  cutting  off  the  curves  at  the  point  where 
the  graph  ends.  The  result  of  this  calculation  is 
0.0206  for  PBX  9501  and  0.0813  for  X-0233. 

This  means  that  if  available  energy  is 
measured  by  these  integrals,  then  X-0233  has  ap¬ 
proximately  four  times  as  much  as  PBX  9501. 
Indeed,  the  ratio  of  the  densities  of  the  two  ex¬ 
plosives  is  4.06,  so  we  can  assume  that  much  of 
the  difference  is  due  to  the  presence  of  the 
tungsten. 
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Fig.  7.  Expansion  velocities  of  the  bubbles  from 
PPX  ;'501  and  X-0233  at  ambient  temperature 

The  partition  of  energy  between  the  detona¬ 
tion  products  and  shock  wave  is  very  different 
in  the  two  materials.  X-0223  has  a  larger  amount 
in  mass  motion,  because  the  tungsten  particles 
provide  a  mechanism  for  momentum  transfer. 

Additional  data  can  be  obtained  about  X-0233 
performance  by  varying  the  aquarium  test  and 
using  it  as  Rigdon  and  Akst  (5)  did.  This  means 
changing  the  setup  only  slightly  but  using  a 
smear  camera  to  record  the  emerging  waves 
from  the  end  of  the  cylindrical  charge.  These 
results  are  shown  in  Fig.  8.  They  represent  the 
shock  and  particle  velocities  in  the  water,  im¬ 
mediately  behind  the  detonation  front.  Follow¬ 
ing  Rigdon  and  Akst,  we  analyze  the  initial  2 
mm  of  motion  to  calculate  the  peak  shock  veloci¬ 
ty  and  particle  velocity,  and  use  these  values  to 
calculate  a  detonation  pressure  by  shock¬ 
matching  into  the  water  surrounding  the  ex¬ 
plosive.  The  following  equations  apply,  assum¬ 
ing  of  course  C-J  conditions: 

P  =  6oU8Up 

p.  _  p  gous  +  6hed 

J  2  e0us 


1  ; 
( 


Here  us  is  the  shock  velocity  and  up  the  parti¬ 
cle  velocity  of  the  water  in  ,the  proper  pressure 
Grange  (6);  p  is  tifansmittid:  pressure,  or  the 
pressure  in  the  water;  just-  behind  the  detonation  j 

front.  Pj  is  the  C-J|pressure;ahd  l?  the  detona-  j 
tion  velocity.  q6  is  theiiinitial  denisty  of  the  ! 
water  and  gHB  the  initial  density  of  the  ex-  j 
plosive,in  question.  Ug  and  ru_  can  be  obtained  j 

from  the  data  in  Fig/:8,  and  also  from  the  linear  j 

approximation  to  the  Hugoniot  for  water,  us  = 

1.483  +  2.0  up.  ! 

Using  this  scheme,  and  our  data  extrapolated  ! 

to.the.charge  surface, -.we  have  us  =  4.5  mm  per  j 
:|is,  up  =  1.508  mm  per  j/s,  p  =  67.8  kb,  P-  = 

289  kb,  and  y  =  4.3.  These  results  are  in  fairly 
good  agreement  to  the  plate  dent  test  performed 
by  M.  Urizar  at  Los  Alamos,  which  gives  a  pj 
of  297  kb  from  a  dent  of  8.53  mm,  using  a  charge 
41.275-mm  diam.  (7). 


B-8951  X-0233  AQUARIUM  (11/2/83) 


0  !0  20  30  40  50 

X(mm)-CALC 

Fig.  8.  Shock  (above)  and  particle  (below)  veloci¬ 
ty  profiles  from  smear  camera  aquarium  shot  of 
X-0233,  fit  with  10-point  running  quadratic 
curves 

Looking  back  at  Fig.  8,  we  notice  that  there 
is  a  plateau  in  the  velocity  curves  at  between  5- 
and  10-mm  expansion,  especially  in  the  shock 
velocity,  which  would  not  appear  in  an  ideal  ex¬ 
plosive  like  PBX  9501.  In  the  ideal  case,  we  j 
would  have  a  monotonically  decreasing  curve 
representing  the  Taylor  wave  in  the  flow.  In  the  ■ 
case  of  X-0233,  we  obviously  do  not  have  that  j 
behavior,  and  in  reality  the  C-J  conditions  are  j 
not  a  good  model  for  this  detonation.  < 

A  phenomenological  explanation  for  two  dif-  * 
ferent  sets  of  detonation  parameters  postulates  f 
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a  two-phase  flow  behind  the,  detonation  front, 
where  the  plateau  in  the  . shock  velocity  cuiye 
represents  a  point  at  which  the  shock  is  sup; 
ported  by  the  material  motion.  Some  evidence 
for  this  is  the  initial  bubble  motion  in  Fig;  8,  at 
less  than'5-mm  expansion,  which  appears  just 
before  that  time  as  a  peak  in  bubble  velocity. 

If  we  take  the  velocity  at  the  plateau,  we 
calculate  us  =  3.6  mm/fis,  up  =  1.058  mmlpis,  p 
=  38.1  kb,  Pj  =  159  kb,  and  y  =  8.7. 

III.  CALCULATION 

The  extrapolated  ,- J  parameters”  from  the 
acquarium  test  just  liscussed  that  agree  wRh 
the  plate  dent  result  do  not  allow  correct  model¬ 
ing  of  the  image-intensifier  photographs  of  the 
flow  obtained  from  the  aquarium  test. 

A  hydrodynamic  calculation  to  duplicate 
aquarium  data  gives  a  detonation  pressure  of 
1G0  kb  while  reproducing  the  detonation  veloci¬ 
ty  as  described  in  Ref.  2. 

The  nonideal  behavior  of  X-0233  is  implicit  in 
the  fact  that  a  low  detonation  pressure  is  need¬ 
ed  to  reproduce  the  aquarium  test  curves,  while 
the  plate  dent  result,  in  contrast,  requires  a  very 
high  C-J  pressure.  These  apparently  contradic¬ 
tory  results  areexplained  by  a  three-dimensional 
model  (2)  that  allows  for  the  propagation  of  in¬ 
dividual  detonation  wavelets  through  a  matrix 
of  tungsten  particles.  Depending  on  the  spac¬ 
ing  of  these  particles,  the  wavelets  may  fail  due 
to  a  very  small  effective  explosive  thickness, 
smaller  than  the  failure  diameter  (PBX  9501  has 
an  unconfined  failure  diameter  of  approximately 
1,2  mm).  The  dense  packing  of  tungsten  in 
X-0233  makes  this  phenomenon  possible.  The 
shocked,  partly  burned  explosive  continues  to 
release  energy  after  the  front  has  passed,  con¬ 
tributing  to  the  energy  release  Ll  late  times  (2). 
The  higher  the  metal  concentration,  the  smaller 
the  interstitial  distances,  and  therefore  the  more 
failures  and  lower  detonation  pressure. 

The  expansion  isentrope  is  less  steep  for 
X-0233  compared  with  an  ideal  explosive,  due 
to  the  later  time  energy  release  from  additional 
burning  behind  the  detonation  front.  This  isen¬ 
trope  used  in  a  hydrodynamic  calculation  allows 


matching  of  both  the  plate  dent  depth  and  the 
aquarium  test  curves.  A  comparison  with  the  y- 
law  isentrope  (if  C-J  conditions  were  present  and 
all  energy  were  released  at  the  front)  is  shown 
in  Fig.  9. 

The  equation  of  state  for  X-0233  can  be  used 
to  reproduce  the  aquarium  test  results  from  Fig. 
8.  The  velocity  profile  resembles  that  produced 
by  a  weak  detonation  (Fig.  10). 

Looking  back  at  the  aquarium  test  photo¬ 
graph  in  Fig.  3,  we  can  now  infer  that  part  of 
the  irregular  interface  at  the  bubble  is  evidence 
of  the  irregular  burning,  in  agreement  with  the 
model  of  propagating  and  failing  wavelets 
among  the  tungsten  particles. 

IV.  CONCLUSION 

The  nonideal  behavior  of  heavily  tungsten- 
loaded  HMX  may  be  understood  by  modeling 
it  as  a  matrix  of  detonation  wavelets  in  the  in¬ 
terstices  between  particles,  which  may  fail  and 
contribute  to  a  late  energy  release.  This  model 
furnishes  a  self-consistent  interpretation  for  all 
the  data  obtained  on  X-0233. 


Fig.  9.  The  X-0233  gam ’  :a-law  isentrope 
through  the  experimental  aor  motion  pressure 
and  velocity  and  the  BKW  isentrope  displaced 
through  the  same  experimental  state  with  the 
energy  returned 
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Fig.  10.  The  calculated,  and  experimental  water 
shock  velocities  from  the  end  of  the  X-0233 
cylinder.  The  calculation  used  the  BKW  isen- 
trope  displaced  through  the  experimental 
detonation  pressure  and  velocity  with  the 
energy  returned. 
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DISCUSSION 

DR.  ALLAN  W.  KING,  Space  Research 
Corp.,  Belgium 

1.  How  practical  are  explosives  such  as 
tungsten— loaded  HMX  for  purposes  of  ac¬ 
celerating  metals  such  as  uranium  without  caus¬ 
ing  spalling? 

2.  What  metal  was  the  impedance  of  this  ex¬ 
plosive  designed  to  match? 

3.  How  important  is  it  in  explosives  such  as 
this,  for  the  metallic  element  to  remain  non¬ 
reactive  with  the  detonation  products? 

REPLY  BY  S.  GOLDSTEIN 

1.  The  evidence  is  that  this  is  what  they  are 
particularly  good  for,  but  they  are  expensive  to 
manufacture. 

2.  Steel. 

3.  We  don’t  really  know;  however,  most  heavy 
metals  will  react  only  after  a  much  longer  time 
than  the  time  scale  we  are  concerned  about.  I 
suspect  that  participation  in  the  reaction  will  in¬ 
crease  the  energy  of  the  HE  also  and  not  sharpen 
the  impulse  peak  very  much. 

DISCUSSION 

OM  G.  REDDY,  IDL  Chemicals  LTD.,  India 

Question:  The  tungston  and  HMX  differ  in 
their  densities.  How  did  you  achieve  homo¬ 
geneous  mixture  for  your  study?  What  tech¬ 
nique  did  you  use  for  mixing. 

REPLY  BY  S.  GOLDSTEIN 

The  mixture  was  made  uniform  and  the  high 
density  achieved  by  using  a  special  mix  of  W 
particles  that  was  a  tri-modal  size  distribution. 
The  actual  formulation  was  prepared  in  Group 
M-l  of  our  Laboratory  by  Steven  Harmony. 

DISCUSSION 

INDU  B.  MISHRA,  Kanan  Assoc., 
Northridge,  CA 

If  I  understand  you  correctly,  heavy  metal  in 
HMX  gives  rise  to  non-ideal  nature.  How  about 
DU  (Depleted  Uranium)  and  HMX? 

REPLY  BY  S.  GOLDSTEIN 

We  have  never  tried  DU.  It  might  be  useful  also. 
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The  new  generation  of  commercial  explosives,  the  water-in-oil  emul¬ 
sions,  show  detonation  velocities  close  to  those  calculated  by 
equilibrium  thermochemical  calculations  assuming  complete  reaction, 
even  at  small  charge  diameters.  This  is  due  to  the  very  intimate  con¬ 
tact  between  fuel  and  oxidizer  obtained  by  the  emulsion  process.  AN- 
FO,  in  sufficiently  large  diameter  drillholes  in  rock  shows  a  similar 
behavior.  ANFO  and  Dynamite  at  small  charge  diameters,  and  TNT- 
slurry  even  in  250  mm  drillholes  in  rock  have  detonation  velocities 
24  and  22%  below  the  calculated  equilibrium  complete  reaction  values. 

To  account  for  these  strongly  non-ideal  detonations  we  have  made 
calculations  in  which  up  to  86%  of  the  oxidizer  salt  is  assumed  not 
to  take  part  in  the  chemical  reaction  at  the  detonation  front.  The  salt 
is  then  reacted  in  an  additional  bum  that  we  have  modelled  by  a  step¬ 
wise  release  of  ingredients  to  burn  instantaneously  at  discrete  points 
along  the  expansion  line.  These  calculations  reproduce  the  observed 
field  performance  characteristics  of  slurry  and  emulsion  explosives. 
A  simple  model  for  the  reaction  rate  controlling  mechanisms  is 
discussed. 


INTRODUCTION 

In  the  past,  the  total  chemical  energy  released 
in  the  explosion  reaction  has  been  used  as  a 
measure  of  an  explosive’s  rock  blasting  perfor¬ 
mance.  The  energy  was  obtained  by  simple 
equilibrium  thermo-chemical  calculations,  and 
a  reasonable  agreement  was  obtained  by  com¬ 
parison  with  experiment  from  the  lead  block 
test  (1)  and  the  ballistic  mortar  (2).  The  most 
reliable  method  of  measuring  total  explosion 
energy  is  the  underwater  explosion  test  accord¬ 
ing  to  Cole  (3).  If  this  test  is  calibrated  with 
TNT  spheres  as  done  by  Bjarnholt  (4),  and  the 
charge  size  is  chosen  with  respect  for  the  type 
of  explosive,  then  its  accuracy  in  predicting 
total  energy  is  fairly  good. 

Particularly  for  explosives  that  have  con¬ 


siderably  more  or  less  reaction  product  gas 
volume  than  the  normal,  the  total  chemical 
energy  is  insufficient  in  itself  to  predict  blasting 
performance.  Johansson  and  Langefors  (5)  in¬ 
troduced  the  concept  of  weight  strength,  in 
which  a  correction  term  was  brought  in  to  ac¬ 
count  for  the  observed  increase  in  blasting  per¬ 
formance  with  increasing  gas  volume  at  con¬ 
stant  explosion  energy. 

Recent  experience  with  the  new  generation  of 
commercial  explosives,  the  water-in-oil  emul¬ 
sions,  have  led  us  to  re-evaluate  the  methods  of 
predicting  blasting  performance  used  in  the 
past  for  slurry  and  dynamite  explosives. 
Because  of  the  greatly  increased  intimacy  of 
contact  between  oxidizer  and  fuel  brought 
about  by  the  emulsion  process,  the  emulsion 
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explosives  show  a  detonation  velocity  versus 
density  relation  approaching  that  ofddeakex- 
plosives.  We  compared  the  blasting  perfor¬ 
mance  of  emulsion  and  slurry  explosives  on  .the. 
basis  of  the  weight  strength  as  defined  by 
Johansson  and  Langefors.  We  found,  by  refer¬ 
ence  to  actual  field  experience,  that  the  weight 
strength  generally  over-estimates.- the, perform 
mance  of  slurry  and  dynamite  explosives.  In* 
spite  of  their  relatively  low  explosion  energy 
and  low  density,  the  emulsion  explosives  out¬ 
performed  or  equalled  the  performance  of  heavy 
TNT  slurries  or  high  density,  high  energy 
dynamites  in  blasts  using  the  same  diameter 
drillholes  and  the  same  hole  patterns. 
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Fig.  1.  Reaction  prod»ct  pressure  in  a  30  mm 
diameter  drillhole  and  principal  stresses  in 
granite  as  a  function  of  radius.  Initial  pressure 
in  drillhole  100  kbar.  Upper  curves,  radial,  in¬ 
termediate  curves,  axial,  and  lower  curves, 
tangential  stresses,  a)  1  nsec,  b)  2gsee,  c)  7psec, 
d)  13.9  nsec,  e)  15.4  psec,  f)  20  gsec,  g)  28  psec, 
and  h)  39  nsec  after  start  of  motion,  resulting 
from  a  constant  volume  explosion  of  nitro¬ 
glycerine  in  the  drillhole. 

The  present  study  was  made  in  an  effort  to 
see  if  a  partial  reaction,  delayed  burn 
mechanism  could  account  for  the  observed 
discrepancies. 


The -Expansion  Work  Process  in'Rock  Blasting 

Our  calculations  technique  is  based  on  the 
calculations  of  Asklof  and  Nylander  (8)  on  the 
dynamic  stress  field  around  a  30  mm  diameter 
drillhole  in  granite,  suddenly  loaded  along  its 
whole  length  by  the  10  GPa  (100  kbar)  pressure 
of  the  constant  volume  explosion  reaction  prod¬ 
ucts  of  nitroglycerine.  Figure  1  shows  the  radial, 
tangential,  and  axial  stresses  and  the  reaction 
product  pressure  in  the  rock  at  different  times 
during  the  subsequent  process. 
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Fig.  2.  Radial  velocity  U  and  position  R  of  the 
drillhole  wall,  as  a  function  of  time 

Figure  2  shows  the  drillhole  radius  as  well  as 
the  velocity  of  the  drillhole  wall  as  functions  of 
time.  The  hole  expands  to  double  its  volume  (R 
=  R0  x  \f2 )  in  about  30  psec.  The  hole  wall  has 
almost  come  to  rest  in  about  the  same  time. 
From  Figure  1  it  is  seen  that  at  39  psec  the 
tangential  stress  is  negative  close  to  the  drill¬ 
hole  wall  indicating  that  the  material  may  start 
developing  cracks.  The  gas  pressure  at  that 
time  is  around  0.5  GPa.  In  our  present  calcula¬ 
tions  we  assume  that  only  parts  of  the  ingredi¬ 
ents  of  the  explosive  have  reacted  at  the  Chap¬ 
man  Jouguet  plane  close  to  the  detonation 
front,  and  that  the  rest  of  the  ingredients  will 
bum  during  the  subsequent  expansion.  We  have 
allowed  the  initial  reaction  products  and  the 
unreacted  rest  of  the  explosive  ingredients  to 
expand  from  the  compressed  CJ-state  to  a  vol¬ 
ume  equal  to  the  initial.  Half  of  the  remaining 
unreacted  ingredients  are  then  released  to  react 
at  the  volume  and  allowed  to  expand,  without 
further  reaction,  to  double  the  initial  volume. 
Finally,  all  the  remaining  unreacted  ingredients 
are  allowed  to  react  at  that  volume  and  then  ex 
pand  isentropically  to  volume  V/V0  —  1000. 
The  choice  of  the  volume  ratio  V/V0  =  2,  at 
which  the  stepwise  burning  is  completed,  is 
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motivated  by  the  observation  that  the  drillhole 
will  stay  at  that  volume  for  a  relatively  long  time 
(several  microseconds  for  a  30  mm  drillhole) 
before  the  radial  cracks  open.  Cracks  open  main¬ 
ly  by  the  interaction  between  the  stress  field 
around  the  drillhole  and  the  tensile  wave  formed 
by  reflection  of  the  outgoing  stress  wave  at  the 
free  surface.  Therefore,  we  may  assume  no  ven¬ 
tilation  of  the  drillhole  until  the  reflected  wave 
returns  to  the  drillhole. 

MEASURED  DETONATION  VELOCITIES 

Table  1  and  Figure  3  show  experimental  as 
well  as  calculated  detonation  velocities  of  five 
explosives,  one  TNT  slurry,  one  dynamite,  AN- 
FO  and  two  emulsion  explosives.  The  velocities 
given  for  large  diameters  are  measured  in 
drillholes.  Most  of  the  smaller  ones  were  mea¬ 
sured  in  steel  tubes  or  concrete  confinement. 
The  measurements  were  made  with  the  well- 


known  “pin  technique”  using  switches  made  by 
either  twisted  copper  wires  or  two  parallel  bare 
ends  of  ordinary  lead  wires  for  electrical 
detonators  covered  with  an  aluminum  cap.  The 
switches  discharge  a  capacitor  -  through  a 
resistor.  The  discharge  pulse  was  recorded  on 
a  transient  recorder  or  a  tape  recorder,  with  an 
accuracy  of  ±50  m  and  ±300  m,  respectively. 
All  measurements  were  made  by  Nitro  Nobel 
except  the  large  diameter  experiments  with  AN- 
FO  which  were  reported  by  Rylund  (9).  It  will 
be  noticed  that  even  in  38  mm  charges  the 
detonation  velocity  of  the  emulsion  explosive 
was  fairly  close  to  the  ideal.  TNT  slurry  and 
dynamite  showed  velocities  which  differed  from 
those  calculated  with  more  than  20%  even  at 
large  diameters.  Crushed  ANFO  prills  in  268 
and  380  mm  drillholes  detonates  with  a  veloci¬ 
ty  slightly  lower  than  those  calculated  with  the 
BKW  equation  of  state  using  RDX  parameters. 
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Fig.  3.  Comparison  between  calculated  and  experimental  detonation  velocities  for  a  TNT-slurry, 
ANFO,  Dynamite,  and  two  emulsion  explosives.  All  large  diameter  detonation  velocities  are  in 
drillholes  in  rock.  987 


TABLE  1 

Detonation  uelocities  cnd  expansion  work  for  four  commercial  explosives. 
Comparison  between  calculated  and  experimental  results. 


Explosive 

Density 

Detonation  veloctiy  m/s 

Expansion  work  MJ/kg 

AH 

Experiment 
m/s/0  mm 

Calculated 
BKW  3) 

aCZ3 

Underwater 

detonation 

Tiger  Calculation  JCZ3 

MJ/kg 

Ao/A  100C 

Ao 

A|0 

A100 

A|000  . 

Emulsion  bulk 

1.27 

5770/250 

7000 

560C 

2.67 

3.42 

3.77 

3.59 

±300 

Emulsion  cartr. 

1.20 

5200/38 

6630 

5720 

3.71 

2.79 

3.56 

3.99 

3.94 

0.93 

TNT  slurry,  ideal  det 

1.45 

- 

7200 

6290 

4.28 

2.81 

3.58 

4.09 

4.30 

1.05 

TNT  slurry,  non  ideal 
d.1 

ANFO,  ideal  det. 

1.45 

4800/250 

6575 

4900 

4.28 

2.40 

3.42 

3.89 

- 

1.10 

0.9 

5650/380 

5920 
5440  4) 

5158 

3.95 

2.70 

3.90 

3.78 

1.01 

Dynamite,  ideal  det. 

1.40 

— 

7589 

7050 

4.09 

3.62 

4.31 

4.63 

4.50 

0.88 

Dynamite  non  ideal  d.2 

1.40 

5500/38 

5530 

4.09 

3.00 

3.96 

4.46 

- 

0.92 

1)  Frozen  components  62%  AN,  SN,  A1 

2)  Frozen  components  86%  AN 

3)  Parameter  values:  a  =  0.50  /?= 0.10  0=400  x = 1 1.85 

4)  Parameter  values:  ff=0.54  /?= 0.181  0=400  x=14.15 


CALCULATION  OF  THE  EXPANSION 
WORK 

Ideal  Detonation.  There  are  several  thermohy¬ 
drodynamic  codes  for  calculating  the  equilib¬ 
rium,  complete  reaction,  ideal  detonation  par¬ 
ameters  at  the  Chapman-Jouguet  plane  and  the 
expansion  isentrope  from  that  state.  No  such 
code  is  bettter  than  the  input  data  used,  the 
critical  ones  of  which  are  the  parameters  and  the 
general  form  of  the  equation  of  state  for  the 
reaction  products.  The  BKW  equation  of  state 
with  parameters  fitted  to  reproduce  the  detona¬ 
tion  and  expansion  of  RDX  detonated  at  near 
crystal  density  reproduces  well  most  military 
high  explosives,  Mader  (7).  As  a  group,  these  are 
characterized  by  a  high  density  in  the  range  1.5 
to  2  g/cm3,  a  relatively  high  oxygen  deficiency, 
and  an  excess  of  carbon.  For  the  lower  density, 
oxygen-balanced  commercial  explosives,  we 
have  found  the  JCZ-3  equation  of  state  to  give 
a  better  agreement  with  experimental  data  in 
the  low  pressure  expansion  region  than  the 
BKW-RDX,  Bjarnholt  (4). 

For  each  explosive,  we  made  a  Tiger  (6) 
calculation,  with  the  JCZ-3  equation  of  state,  for 
an  ideal  CJ-state  detonation  complete  with  an 
expansion  isentrope  to  a  volume  ratio  of 
V/V0= 1000.  For  some  of  the  explosives,  for 
comparison,  we  also  made  a  Tiger  calculation 


with  the  BKW  equation  of  state,  using 
parameters  according  to  Cowan  and  Fickett 
(12),  or  a  BKW  calculation  with  the  RDX-fitted 
parameters  Mader,  (13). 

Non-ideal  Detonations.  Bjarnholt  (10)  showed 
that  the  experimentally  determined  work  A0 
done  by  the  reaction  products  in  the  underwater 
detonation  of  an  explosive  charge  is  comparable 
to  the  calculated  isentropic  expansion  work  of 
the  reaction  products  co  a  volume  104  to  105 
times  the  initial  volume.  For  small  deviations 
from  ideal  detonation  velocity,  Bjarnholt  found 
the  measured  energy  to  be  redistributed  be¬ 
tween  shockwave  and  bubble  energy,  but  the 
total  remained  essentially  unchanged.  This  in¬ 
dicates  there  is  time  enough  for  a  complete  reac¬ 
tion  when  a  one-kg  charge  expands  to  these  very 
large  volume  expansion  ratios.  At  larger  devia¬ 
tions  from  ideal,  such  as  for  small  diameter 
slurry  explosives,  a  decrease  in  the  total 
measured  energy  for  the  underwater  test  in¬ 
dicated  incomplete  reaction. 

The  expansion  volume  ratio  at  which  the  ef¬ 
fective  work  in  rock  blasting  is  completed  is  in 
the  range  V/V0= 3  to  10,  Bjarnholt  (10). 
Therefore,  even  small  deviations  from  ideal 
detonation  may  lead  to  considerable  decreases 
in  blasting  efficiency. 
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To  get  a  quantitative  measure  of  how  big  this 
efficiency  decrease  can  be  for  some  real  commer¬ 
cial  explosives,  we  used  the  Tiger  code  with  the 
JCZ-3  equation  of  state.  After  debugging  the 
“Freeze”  and  “Freadj”  routines,  Srinivas  (1-1), 
we  were  able  to  use  these  to  make  repeated 
calculations  in  which  predetermined  parts  of 
some  ingredients  were  first  kept  unreacted,  then 
released  to  react  stepwise  at  different  points 
along  the  expansion  isentrope. 

For  each  of  the  two  non-ideal  explosives,  the 
TNT  slurry  and  the  Dynamite,  we  made  the 
following  emulations: 

A  C-J  state  detonation  with  a  percentage  of 
some  of  the  ingredients  “frozen”  (unreacted), 
(point  1  in  Figure  4)  followed  by  an  expansion 
isentrope  calculation  from  that  C-J  state  to  the 
volume  ratio  V/V0=l.  At  that  point  (2),  half  of 
the  “frozen”  or  unreacted  ingredients  are  re¬ 
leased  to  react,  giving  a  new  starting  point  (3), 
for  a  second  expansion  isentrope  to  the  volume 
ratio  V/V0=2,  point  (4),  where  the  rest  of  the 
unreacted  ingredients  are  released  to  react. 
From  the  resulting  final  starting  point  (5),  a 
final  expansion  isentrope  is  calculated  out  to 
point  (6)  at  VAfo=1000. 
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Fig.  4.  The  pressure  along  the  isentrope  for  the 
reaction  products  of  a  TNT  slurry.  Dotted  curve, 
ideal  detonation  calculation.  Unbroken  line, 
calculated  with  the  described  method  for  non- 
ideal  detonation. 

CALCULATION  RESULT 

Running  the  Tiger-JCZ-3  code  with  the  TNT 
slurry  ingredients  and  keeping  62%  of  am¬ 
monium  nitrate,  sodium  nitrate  and  aluminum 
unreacted  in  the  CJ  state  reduced  the  CJ 
detonation  velocity  from  the  ideal  value  6290 


m/s  to  4900  m/s.  Continuing  with  iseritropic  ex¬ 
pansion  and  releasing  the  “frozen”  ingredients 
in  two  steps  as  described  earlier,  this  resulted 
in  a  PjV  relation  shown  in  Fig.  4  which  can  be 
compared  with  the  gas  expansion  of  the  ideal 
detonation.  The  CJ  pressure  is  considerably 
lower  which  will  affect  the  expansion  work  also. 
In  the  diagram  Figure  5,  the  isentropic  expan¬ 
sion  work  is  plotted  against  the  volume  ratio. 
Curve  a)  is  the  work  performed  by  the  expand- 
%  ing  reaction  products  of  an  ideal  detonation  of 
the  TNT  slurry;  curve  b)  shows  the  work  done 
by  expansion  and  step-wise  burning  for  a  non¬ 
ideal  detonation  obtained  by  the  described 
technique.  Curve  ckshows  the  expansion  work 
for  an  emulsion  explosive  (bulk  type)  with  a  den¬ 
sity  of  1.27  g/cm3. 

The  expansion  works  A  10,  A  100,  and  A 1000 
at  V/V0  equal  to  10,  100  and  1000  respective¬ 
ly,  are  gathered  for  all  five  explosives  in  Table 
1.  For  dynamite,  the  work  of  A  10  (non-ideal) 
is  about  17  %  lower  than  A  1C  (ideal).  For  the 
TNT  slurry  the  same  difference  is  15%. 
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Fig.  5.  Calculated  expansio  .  work  of  reaction 
products,  a)  TNT-slurry  (ideal  det.),  b)  TNT- 
slurry  (non-ideal  det),  c)  emulsion  explosive 
(ideal  det). 

A  SIMPLE  BURNING  MODEL 

We  have  made  an  attempt  to  calculate  the 
total  burning  time  of  that  part  of  the  explosive 
which  will  react  behind  the  CJ-plane.  A  simple 
model  of  a  TNT  slurry  was  chosen,  as  follows: 

The  slurry  contains  18%  by  weight  of  TNT 
flakes  2-5  mm  wide  and  about  1  mm  thick.  If  we 
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assume  the  TNT- flakes,  to-be  about  3X4,  mm 
and  1  mm  thick,  then  the  weight  of  a  flake  is 
0.018  g;  and  the  number  of- flakes  , in  one  cm3 
about.l5„If  the  flakes  are  just.a  little  shorter, 
there  are  16  flakes  per  cm?.  We  assume  that 
they  are  stacked  symmetrically  as  in  Figure  6. 
The  distances  between  the  parallel  surfaces  are 
1.5  mm  and  between  the  edges  !  and  2  mm, 
respectively. 


Fig.  6.  Positions  of  the  TNT  flakes  in  the  burn¬ 
ing  model 

Let  us  further  assume  that  all  the  flakes  are 
initiated  and  decompose  instantaneously  when 
passed  by  the  detonation  shock  front.  Their 
reaction  products,  rich  in  carbon  and  hydrogen, 
then  burn  outwards  by  gradually  consuming 
the  intermediate  oxidizer  layers  over  their  total 
area.  The  mechanism  is  thus  similar  to  grain 
burning,  although  in  this  case  the  fuel  is 
gaseous  and  the  oxidizer  in  the  condensed 
phase.  At  the  CJ-state  about  '/$  of  the  AN  3N, 
A1  solution  has  reacted.  The  thickness  of  the 
unreacted  volume  between  the  flakes  is  then  U 
•  1.4  mm.  As  this  vo\  me  can  be  looked  upon 
as  a  slab  burning  on  bo.  h  faces,  the  depth  of  the 
solution  that  remains  to  react  is  0.5  -  0.7  mm. 
Half  of  this  volume  is  assumed  to  react  during 
the  expansion  of  the  reaction  products  from  the 
CJ  volume  to  the  initial  volume,  V0,  and  the 
other  half  will  react  during  the  continued  expan¬ 
sion  to  2  V0. 

The  linear  burning  velocity,  r,  depends  on  the 
pressure,  p,  as  r=apb  where  a  and  b  are  con¬ 
stants  commonly  determined  by  observing  the 
burning  velocity  at  pressures  between  0.1  -  500 
MPa.  According  to  the  Tiger  code  calculations, 
the  CJ  pressure  is  5.7  GPa  (57  kbar).  The 
pressure  after  expansion  to  the  initial  volume 
and  instant  reaction  of  half  of  the  remaining 
component  is  1.2  GPa.  To  be  able  to  calculate 
the  time  at  which  all  of  the  explosive  com¬ 
ponents  are  reacted  behind  the  CJ  plane  we 


tried-to  determine  a  mean  burning  velocity  dur¬ 
ing  the  two,  expansion  steps.  The  mean  burning 
pressure  during,  the  first  expansion  step  was 
estimated -.to.  be  5  GPa  (  5. kbar).  However,  no 
values  of  the  constants  a.and-b  for  the  linear 
burning  rate  of  the  slurry  were  available.  Chan 
(14)  reports  some  burning  experiments. on  AN, 
SN,  FO  water-  gels.  Using  his  values-for  a  and 
b  we  got.-a  burning  velocity  of  1.82  m/s  during 
the  first  expansion  and  0.29  m/s  for  the  second 
part.  The  burning  time  between  the  CJ  state 
and  the  initial  volume  state  was  then  calculated 
to  be  140  fts  and  the  total  time  of  after-burning 
about  1  ms.  Even  after  this  time  the  reaction 
products  have  probably  not  expanded  to  a 
volume  much  larger  than  2  V0  as  the  crack 
volume  available  for  expansion  is  small  until  the 
cracks  open  up  to  the  free  surface  of  the  rock. 
The  crack  growth  to  the  surface  is  the  result  of 
interaction  with  the  reflected  stress  wave  and 
the  arrival  time  of  this  is  of  the  order  of  ms.  The 
time  for  the  drillhole  to  expand  to  a  certain 
diameter  scales  lineary  with  the  diameter.  Thus, 
extrapolating  from  the  data  in  Figure  1,  for  a 
250  mm  hole  the  time  to  double  the  hole  volume 
(radial  expansion  ratio  1.4)  is  250  ^ s .  The 
assumption  that  all  of  the  explosive  has  reacted 
after  expansion  to  about  double  the  drillhole 
volume  seems  reasonable. 

DISCUSSION 

As  shown  in  Figure  1  there  is  still  a  pressure 
of  0.5  GPa  when  the  drillhole  has  reached  its 
maximum  volume  (  2V0),  where  it  will  stay  for 
several  microseconds.  Even  if  the  reaction  prod¬ 
ucts  will  expand  into  cracks  arriving  at  the 
borehole  wall,  there  will  still  be  about  0.05  to 
0.1  GPa  pressure  when  the  drillhole  ventilates 
in  a  common  bench  blast.  According  to  Figure 
7,  which  shows  the  pressure  along  the  isentrope, 
this  corresponds  to  a  volume  expansion  ratio  of 
about  7  to  10.  Therefore,  it  is  more  relevant  to 
compare  the  energy  released  while  expanding 
to  V/V0=10,  A  10,  when  trying  to  decide  which 
explosive  will  be  the  most  efficient  one  for  rock 
blasting. 

Comparing,  in  Table  1,  A 10  for  the  buld  emul¬ 
sion  with  that  for  the  non-ideal  detonating  TNT 
slurry,  the  value  for  the  emulsion  is  about  11% 
larger  than  for  the  TNT  sluny.  A 1000,  however, 
is  7%  lower.  The  expansion  work  performed  in 
an  underwater  detonation  A^  differs  remarkably 
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Fig.  7.  The  pressure  along  the  isentrope  for  the 
reaction  products  of  a  TNT  slurry 

if  we  compare  the  values  of  the  slurry  and  the 
emulsion. 

The  observations  made  in  blasting  practice, 
that  an  emulsion  explosive  can  replace  a  TNT 
slurry  in  the  same  drill  pattern,  are  verified  by 
these  calculations. 

Comparing  the  values  of  A  10  for  ANFO, 
Dynamite,  and  the  emulsion  explosives  against 
the  background  of  Figure  3,  we  can  understand 
that  the  full  potential  of  ANFO  and  Dynamite 
may  only  be  realized  in  very  large  charge 
diameters,  where  they  may  approach  ideal 
detonation.  The  emulsion  explosives,  even  at 
diameters  as  small  as  38  mm,  still  approach  ideal 
detonation.  As  a  consequence,  they  have  a  fair¬ 
ly  large  effective  work  A  10  approaching  that  of 
the  greatly  non-ideal  A  10  of  Dynamite  and  AN¬ 
FO  in  small  diameters.  This  makes  the  emulsion, 
in  spite  of  their  relatively  low  total  energies  A 
1000  or  AH,  competitive  with  ANFO  and 
Dynamite,  on  a  weight-for-weight  basis. 
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DISCUSSION 

OLDRICH  MACHACEK,,  Thermex  Energy 
Corporation 

Two  Comments:  (1)  The  emulsion  explosives 
referred  to  are  w/o  type.  A  simplified  typical  for¬ 
mulation  contains,  say,  18%  water,  7%  oil,  2% 
glass  microspheres,  72%  ammonium  nitrate  and 
1%  w/o  emulsifier.  However,  we: can  make  the 
same  formulation  as  o/w  en;,-1sion  (watergel 
type)  in  which  the  only  difference  will  be  the  use 
of  .1%  modified  guar  gum  instead  of  1%  w/o 
emulsifier.  Density,  formulation  will  be  the 
same  but  the  explosive  characteristics  striking¬ 
ly  different.  The  w/o  emulsion  will  detonate  at 
2Vi"  with  a  high  detonation  velocity,  o/w  at 
probably  5”  with  a  minimum  booster  at  least 
5x  bigger  with  characteristics  more  similar  and 
ANFO.  Differences  between  w/o  and  o/w  will  get 
smaller  in  larger  diameters  as  8”  and  up.  If  we 
suppose  the  same  size  droplets  for  both  emul¬ 
sions,  then  the  only  principal  difference  in  these 
two  types  of  explosives  is  the  amount  of  drop¬ 
lets  in  the  continuous  phase.  In  simplified 
calculation,  we  have  approximately  lOx  of  the 
oxidizer  than  of  the  fuel  phase  and  approximate¬ 
ly  a  double  in  density  of  the  oxidizer  compared 
to  the  fuel.  The  amount  of  droplets  for  the  w/o 
emulsion  is  tnen  approximately  5x  higher  com¬ 
pared  to  the  o/w  emulsion.  The  contact  area  be¬ 
tween  the  oil  phase  and  the  oxidizer  phase  is 
therefore  also  5x  higher  for  the  w/o  emulsion. 

(2)  Calculation  of  blasting  performance  of 
commerical  explosives  is  a  very  difficult  task 
and  as  to  my  understanding,  each  commercial 
explosives  manufacturer  in  the  U.S.  uses  his 
own  program.  These  programs  are  difficult  to 
compare.  It  would  be  useful  to  have  some  stand¬ 
ardized  method  which  would  make  a  more  ob¬ 
jective  comparison  possible.  The  CETR  could 
be  of  help  in  this  matter. 


DISCUSSION 

MR.  M.  CHAUDHRI,  Cavendish  Lab, 
Cambridge,  UK. 

You  stated  that  although  the  volume  of  the 
bore-hole  becomes  twice  i';3  original  size,  no 
cracking  of  the  hard  rock  occurs  before  the 
stress’  waves  come  back  to  the  bore-hole  after 
having  been  reflected  at  the  free  surfaces. 

I  am  afraid,  I  disagree  with  the  statement  of 
yours  because  of  a  two-fold  increase  in  the 
volume  of  the  bore-hole  will  produce  a  strain  of 
~1.4  at  the  borehole  surface.  Hard  rocks  will 
not  be  able  to  sustain  such  high  strains  without 
cracking,  as  these  materials  aire  highly  brittle, 
and  the  fact  that  the  loading  is  at  a  very  high 
rate  will  make  them,  in  common  with  other  brit¬ 
tle  materials,  even  more  brittle.  Moreover,  the 
cracks  thus  produced  are  likely  to  be  along 
planes  containing  the  bore-hole  axis  and  can  be 
of  considerable  size  (i.e.,  the  crack  velocity  and 
the  duration  in  which  the  cracks  formed).  Would 
you  please  comment  on  these  thoughts? 

REPLY  BY  A.  PERSSON 

When  the  bore-hole  is  expanded  to  double  its 
original  volume  the  rock  material  around  the 
hole  is  strongly  compressed  too.  As  the  diagram 
in  Fig.  1  shows,  the  principal  stresses  are  all 
positive  when  the  pressure  has  been  applied  in 
the  bore-hole.  Later  when  the  pressure  in  the 
bore-hole  is  released  the  tangential  stress  first 
becomes  negative  in  the  rock  material  some 
distance  away  from  the  surface  of  the  hole  and 
the  first  cracks  that  will  appear  are  shear 
cracks.  These  cracks  form  an  angle  against  the 
radii  and  do  not  reach  the  wall  of  the  hole.  The 
radial  cracks  are  formed  much  later  and  will 
grow  out  to  a  free  surface  under  influence  of  the 
gas  pressure.  If  the  rock  material  is  not  homo¬ 
geneous  the  stress  relations  can  be  very  dif¬ 
ferent  of  course. 
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DETONATION  BEHAVIOR  OF  EMULSION  EXPLOSIVES 
CONTAINING  GLASS  MfCROBALLOONS 

M.  Yoshida,  M.  Iida,  K.  Tanaka,  S.  Fujiwara, 

M.  Kusakabe  and  K.  Shiino 
National  Chemical  Laboratory  for  Industry 
Tsukuba  Research  Center 
Yatabe,  Tsukuba,  Ibaraki  305,  Japan 


Detonation  behavior  of  emulsion  explosives  containing  glass 
microballoon  (GMB)  was  studied  Detonation  velocity  of  several  emul¬ 
sion  explosives  of  the  same  matrix  and  with  variable  fraction  of  GMB 
was  measured  at  several  diameter  values  for  each  GMB  fraction. 
Critical  charge  thickness  for  detonation  propagation  was  also 
measured  using  explosive  wedge  samples.  Diameter  effect  showed 
a  remarkable  difference  from  that  of  high  explosives.  Extrapolated 
detonation  velocities  to  infinite  diameter  agreed  fairly  well  with  those 
of  theoretical  calculations  especially  at  low  fraction  of  GMB.  Critical 
charge  thickness  for  detonation  propagation  showed  a  strong 
dependence  on  the  volume  fraction  of  GMB.  The  relation  between 
the  critical  thickness  and  the  volume  fraction  of  GMB  exhibited  two 
vertical  asymptotes.  The  minimum  critical  thickness  was  approx¬ 
imately  0.5  mm.  This  value,  comparable  to  those  of  high  explosives, 
suggests  a  very  small  reaction  zone  length  for  ammonium  nitrate 
based  explosives. 


INTRODUCTION 

The  steady  detonation  propagation  and  its 
failure  in  cylindrical  geometry  have  been  paid 
considerable  attention  by  many  workers  not 
only  for  high  explosives  but  also  for  industrial 
explosives.  Price  (1)  classified  explosives  into 
two  groups  according  to  the  dependence  of 
detonation  velocity  and  critical  (or  failure) 
diameter  on  the  initial  density  of  explosives. 
Most  of  the  industrial  explosives  belong  to 
group  2,  which  means  that  the  detonation 
velocity  at  a  fixed  charge  diameter  has  a  max¬ 
imum  at  a  density  less  than  its  maximum  load¬ 
ing  density  and  that  the  critical  diameter  in¬ 
creases  with  increasing  the  initial  density. 
These  features  are  quite  different  compared  to 
group  1  explosives  which  most  high  explosives 
belong  to.  Mader  (2)  proposed  another  classifi¬ 
cation  comparing  the  measured  detonation  ve¬ 
locity  with  a  theoretically  calculated  result.  The 
explosives  are  “non-ideal”  if  their  detonation 
velocity  at  infinite  diameter  is  less  than  the 


calculated  one  by  more  than  0.5  mm/ps.  Most 
explosives  containing  ammonium  nitrate  (AN), 
such  as  ANFO,  slurry  explosives,  some  dyna¬ 
mites,  Amatols  and  so  on,  are  believed  to  be 
non-ideal. 

Two  explosive  formulations,  eutectic  ex¬ 
plosives  (3,  4)  and  emulsion  explosives  (5),  have 
been  studied  of  which  detonation  behavior  are 
almost  ideal  (3*6)  although  they  contain  AN  as 
a  main  composition.  Emulsion  explosives,  which 
appeared  in  the  patents  (7,  8)  about  20  years 
ago,  have  become  rather  important  in  industrial 
use  because  of  its  high  detonation  velocity  and 
high  measure  of  safety.  The  remarkable  features 
of  emulsion  explosives  are  that  AN  and  other 
salts  exist  in  an  aqueous  solution  state  confined 
with  a  very  thin  layer  of  oil  and  that  the  parti¬ 
cle  size  of  emulsion  is  very  small  —  an  order  of 
a  micrometer  or  less  (5). 

In  this  paper  the  detonation  behavior  of  emul¬ 
sion  explosives  containing  glass  microballoons 
(GMB)  was  reported.  The  dependence  of  the 
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>  detonation  velocity  and  critical  thickness;.for 

1  detonation  propagation  onthe  fraction  of  GMB: 

\  v,  ere  studied  in  a  wide  range  of  volume  fraction 

j  of  GMB. 

|  2.  MATERIALS 

i 

t  Composition  of  emulsion  matrix  is  shown- in 

f  Table  1.  Aqueous  solution  of  AN  and  sodium 

nitrate  was  added  to  a  mixture  of  paraffins  and 
surface  activation  agent  under  proper  agitation 
to  form  a  water-in-oil  type  emulsion.  Temper¬ 
ature  was  maintained  at  about  89  °C  and  agita¬ 
tion  was  continued  about  30  minutes  to  form 
fine  particles.  Particle  size  of  the  emulsion  was 
estimated  to  be  about  one  micrometer  or  less 
because  particles  could  not  be  observed  with  an 
optical  microscope  which  has  0.42  pm 
resolution. 

TABLE  1 


Material  composition  of  emulsion  matrix 


Material 

wt.  % 

Ammonium  nitrate 

72 

Sodium  nitrate 

10 

Water 

12 

Liquid  paraffin 

2 

Solid  paraffin 

2 

Sorbitan  monooleate  (*) 

2 

(*)  Surface  activation  agent 


GMB  (Glass  Bubbles  B15/250, 3M)  was  used 
to  control  the  density  of  explosives.  GMB  was 
washed  by  water  to  remove  crushed  particles 
and  only  the  floating  part  was  dried  and  used 
for  explosives.  Fig.  1  shows  a  photograph  of 
GMB  after  being  dried.  Explosives  were 
prepared  by  mixing  the  emulsion  matrix  with 
variable  contents  of  GMB.  Mixing  was  done 
carefully  by  hand  using  a  flexible  plastic  sheet 
until  the  distribution  of  GMB  in  the  matrix 
became  uniform.  The  initial  loading  density  of 
emulsion  explosives  was  calculated  from  their 
weight  and  volume  in  a  PMMA  tube.  The  mea¬ 
sured  density  was  fitted  by, 

60  =  (0.746  +  9.43  x  )~\  (1) 

where  e0  is  initial  density  in  g/em3  and  x  is  the 
weight  fraction  of  GMB.  From  this  fitting  the 
density  of  emulsion  matrix  and  GMB  was 
estimated  to  be  1.34  and  0.0983  g/cm3  respec¬ 
tively.  The  emulsion  matrix  has  inclusions  of  air 
bubbles  in  the  mixing  process  and  the  measured 


density  is  not  the  true  matrix,  density  but  the 
apparent  one. 

The  density  of  emulsion  explosives  ranged 
from  0.38  to  1131  ,g/cm3.  Corresponding  volume 
fraction  of  GMB,  calculated  using  Eq.  (1),  was 
from  0.77  to  0.025  respectively. 


Fig.  1.  Microscopic  Photograph  of  Glass 
Microballoons 


3.  EXPERIMENTAL 

3.1  Detonation  Velocity.  Diameter  effect  on  the 
detonation  velocity  was  investigated  at  five 
volume  fractions  of  GMB;  0.12, 0.22, 0.30, 0.42 
and  0.54.  Explosives  were  confined  in  PMMA 
tubes.  Inner  diameter  of  the  tubes  were  between 
6  and  31  mm.  Wall  thickness  of  the  tubes  was 
about  20%  of  inner  diameter.  The  ratio  of  length 
to  diameter  was  about  20  for  small  diameters 
and  about  10  for  the  largest  diameter.  These 
values  were  large  enough  for  the  measurement 
of  steady  state  detonation  velocity.  Booster  ex¬ 
plosive  (SEP,  Ashai  Chemical  Industry)  was 
used  in  the  same  diameter  PMMA  tube  with  5 
to  15  mm  thickness. 

Streak  camera  method  was  employed  for  the 
detonation  velocity  measurement.  Rotating 
mirror  streak  camera  (SP-1,  Hitachi)  recorded 
the  self-luminous  light  of  the  detonation  of 
emulsion  explosives.  Several  markers  on  the 
PMMA  tubes,  streak  speed  and  the  slope  of  the 
recorded  detonation  light  on  the  film  deter¬ 
mined  the  detonation  velocity  with  about  0.2% 
accuracy. 

3.2  Critical  Thickness.  Critical  thickness  for  the 
detonation  propagation  was  measured  with  an 
explosive  wedge  confined  between  two  PMMA 
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plates.  Volume  fraction  of  explosive  samples 
was  from  0.025  to  0.77.  The  configuration  is. 
shown  in  Fig.  2.  Booster  explosive  (SUP)  of 
about  10  mm  length  was  used.  PMMA  plates 
were  5  mm  thick,  20  mm  wide  and  about  200 
mm  long.  Wedge  angles  were  between  0.6  and, 
4.3  degrees.  Critical  thickness  of  detonation 
propagation  was  measured  from  the-  trace 
recorded  on  an  aluminum  alloy  plate  attached 
in  contact  with  one  PMMA  place. 


Ottonalor 


Sample  Exploiiv*  Booster  Explosive 


Fig.  2.  Explosive  wedge  for  critical  thickness 
measurement 

4.  RESULTS  AND  DISCUSSION 

4.1  Diameter  Effect.  Steady  detonation  prop¬ 
agation  was  observed  for  all  charges  except  two 
failed  charges  of  6  and  8  mm  inner  diameter  at 
0.12  volume  fraction  of  GMB.  Measured  detona¬ 
tion  velocity  (D)  was  plotted  against  the 
reciprocal  charge  radius  (1/R)  in  Fig.  3. 


Fig.  3.  Detonation  velocity  (D)  of  emulsion  ex¬ 
plosives  vs.  reciprocal  charge  radius  (1/R). 


Fig.  4.  D/D i  vs.  A/R  for  all  data.  For  symbols 
see  Fig.  3 

The  experimental  results  for  each  fraction  of 
GMB  were  fitted  by  linear  relationships  and 
represented  by 

D/Dj  =  1— A/R  ,  (2) 

where  D;  is  an  extrapolated  detonation  veloci¬ 
ty  to  infinite  diameter  and  A  is  a  constant. 
Campbell  and  Engelke  (9)  used  R— Rc  instead 
of  R  in  Eq.  (2)  for  high  explosives  at  high  densi¬ 
ty,  where  Rc  is  a  constant  and  was  positive  ex¬ 
cept  a  few  cases.  Our  results  did  not  need  Rc 
and  the  data  were  well  fitted  by  linear  relation¬ 
ships.  Fig.  4  shows  the  all  data  plotted  in  D/Dj 
versus  A/R  plane,  which  indicates  that  the  fit¬ 
ting  by  Eq.  (2)  is  quite  satisfactory.  The  min¬ 
imum  value  of  observed  D/Dj  for  emulsion  ex¬ 
plosives  was  about  0.57  at  the  lowest  GMB  frac¬ 
tion  (89%  of  the  maximum  density),  while  the 
minimum  value  for  high  explosives  at  high  den¬ 
sity  was  about  0.85  (9). 

Table  2  shows  the  summary  of  D(  and  A  for 
five  explosives.  Both  Ds  and  A  increased  with 
increasing  the  initial  density  of  explosives.  The 
diameter  effect  relationships,  Eq.  (2),  for  dif¬ 
ferent  volume  fraction  of  GMB  cross  together 
in  D  vs.  1/R  plane  (Fig.  3).  If  detonation  velocity 
is  plotted  against  initial  density  for  each  frac¬ 
tion  of  GMB,  the  curve  is  upward  convex  and 
has  a  maximum  density  less  than  the  maximum 
density.  Although  the  emulsion  explosives  in¬ 
vestigated  do  not  have  the  same  composition 
due  to  the  addition  of  GMB,  the  tendency  is  the 
same  as  that  of  group  2  explosives.  A  re¬ 
markable  difference  of  diameter  effect  between 
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TABLE  2 

Diameter  effect  parameters  and  calculated  C-J  properties 
using  Kihara-Hikita-Tanaka  equation  of  state 


Experimental  Calculated  C-J  Properties 

GMB  Density  A  Dj  D  P  T 

wt.  %  vol.  %  g/cm3 _ mm  mm/ps  mm/ps  GPa _ K 


0 

0 

1.34 

— 

6.41  (*) 

6.42 

13.6 

1601 

1 

12 

1.19 

2.31 

5.78 

5.87 

10.4 

1749 

2 

22 

1.07 

1.01 

5.17 

5.41 

8.0 

1841 

3 

30 

0.97 

0.67 

4.58 

5.02 

6.3 

1904 

5 

42 

0.82 

0.33 

3.94 

4.39 

4.2 

1995 

8 

54 

0.67 

0.17 

3.35 

3.71 

2.6 

2065 

10 

60 

0.59 

— 

— 

3.38 

2.1 

2088(**) 

20 

77 

0.38 

— 

— 

2.40 

0.7 

2028 

(*)  Estimated  by  Eq.  (3). 

(**)  Calculated  maximum  C-J  temperature. 
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Density  (9/cm*) 


Fig.  5.  Dependence  of  A  (Eq.  (2) )  on  the  initial  Fig.  6.  Comparison  of  experimental  and  cal- 
density  culated  detonation  velocity 
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group  1  explosives  and  emulsion  explosives  is 
clearly  seen  in  the  behavior  of  A  because  the 
dependence  of  Di  on  the  initial  density  is  the 
same  for  two  groups.  Fig.  5  shows  the 
dependence  of  A  on  the  initial  density  for  emul¬ 
sion  explosives  and  a  high  explosive  60/40 
RDX/TNT  (10).  The  coefficient  A  of  emulsion 
explosives  increased  with  increasing  the  initial 
density,  while  that  of  60/40  RDX/TNT 
decreased. 

According  to  Eyring  (11),  A  is  proportional 
to  the  thickness  of  the  reaction  zone.  If  it  can 
be  applied  to  both  emulsion  explosives  and 
60/40  RDX/TNT,  Fig.  5  directly  indicates  a  con¬ 
trast  behavior  of  the  dependence  of  the  reaction 
zone  length  on  the  initial  density  between  two 
explosive  formulations. 

4.2  Detonation  Velocity  at  Infinite  Diameter. 
Detonation  velocities  extrapolated  to  infinite 
diameter  were  compared  with  theoretical 
calculations.  Kihara-Hikita-Tanaka  (KHT) 
equation  of  state  (6)  was  used  for  the  calcula¬ 
tions  of  equilibrium  state  at  the  Chapman- 
Jouguet  condition.  Table  2  and  Fig.  6  show  the 
results  of  calculations  together  with  experimen¬ 
tally  obtained  detonation  velocity  at  infinite 
diameter.  The  experimental  results  were  fitted 
by 

D  =  0.17  +  4.66  e0,  (3) 

where  D  in  mm/^s  and  Q0  in  g/cm3.  The  agree¬ 
ment  between  experimental  and  theoretical 
values  is  very  good,  especially  at  high  density 
or  low  fraction  of  GMB. 

The  agreement  is  generally  rather  poor  for 
other  AN  based  explosives,  possibly  due  to  the 
incomplete  reaction  at  the  detonation  front  (2, 
12).  Tanaka  and  Yoneda  (12)  compared  the 
measured  and  calculated  detonation  velocity  of 
slurry  explosives  containing  AN  and  concluded 
that  only  50-70%  of  AN  decomposed  at  the 
front.  Mader  (2)  showed  that  low  fraction  of 
decomposed  AN  at  the  front  should  be  assumed 
for  the  agreement  between  measured  and  calcu¬ 
lated  detonation  velocity  of  Amatols. 

On  the  contrary,  experimentally  obtained 
detonation  velocities  of  emulsion  explosives 
agreed  well  with  calculated  detonation  velocities 
with  complete  AN  decomposition,  which  indi¬ 
cates  that  the  detonation  behavior  of  emulsion 
explosives  is  ideal  unlike  other  non-ideal  AN 


based  explosives.  Akst  (3)  and  Stinecipher  (4) 
also  showed  a  good  agreement  between 
measured  and  calculated  detonation  velocities 
for  eutectic  explosives  containing  AN.  It  is  in¬ 
teresting  that  the  particle  size  of  AN  based 
eutectic  explosives  is  about  a  few  micrometer, 
which  is  close  to  the  value  of  emulsion  ex¬ 
plosives.  This  suggests  that  particle  size  of  an 
order  of  a  micrometer  is  sufficiently  small  for 
the  reaction  completion  at  the  front. 

The  difference  between  measured  and 
calculated’detonation  velocity  increased  as  the 
initial  density  decreased.  The  possible  reasons 
for  the  disagreement  at  lower  density  would  be 
as  follows: 

1)  Equilibrium  state  is  not  attained. 

2)  Diameter  effect  is  not  represented  by  Eq. 
(2)  at  large  charge  diameters. 

3)  The  input  data  of  the  calculation  for  solid 
component  is  not  known  exactly. 

4)  Reaction  completion  cannot  be  reached  at 
lower  density. 

5)  The  parameters  of  KHT  equation  of  state 
are  not  suitable  for  low  density  gas 
products. 

The  first  one  is  considered  to  be  the  main  reason 
because  of  a  large  fraction  of  void  at  lower  den¬ 
sity,  leading  to  significant  temperature  distribu¬ 
tion  in  the  reaction  zone.  Experimental  (13)  and 
theoretical  (14)  investigations  suggest  that  the 
second,  non-linear  diameter  effect  at  large 
charge  diameter,  is  also  possible  for  emulsion 
explosives. 

4.3  Criticul  Thickness.  The  results  of  critical 
thickness  (Tcr)  measurements  by  explosive 
wedge  samples  were  plotted  against  the  volume 
fraction  (V)  of  GMB  in  Fig.  7.  The  relationship 
between  Tcr  and  V  exhibited  two  vertical 
asymptotes  and  the  curve  was  U  shaped.  A  low 
(fraction  of  GMB,  the  dependence  of  Tcr  on  V 
had  a  feature  of  group  2  explosives  —  critical 
thickness  increases  as  density  increases,  while 
at  high  fraction  of  GMB  the  feature  was  that 
of  group  1  explosives.  A  similar  curve  was  also 
reported  in  the  detonation  of  gas  mixtures  with 
variable  ratio  of  flammable  gas  to  oxygen 
(15,16). 

The  solid  line  in  Fig.  7  is  a  least  square  fit¬ 
ting  by  the  following  equation, 
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Tcr  =  0.50  (V +0.026)“ 1 

+0.15  (V-0.81)-1  -0.98  (4) 

where  Tcr  in  mm.  The  obtained  data  scattered 
considerably  and  it  was  difficult  to  determine 
the  constants  in  Eq.  {4}  accurately.  Furthermore 
as  the  failure  was  observed  on  an, aluminum- 
alloy  plate  through  a  5  mm  thick  PMMA  plate, 
the  attenuation  of  shock  wave  in  a  PMMA  plate 
possibly  produced  a  systematic  error  in  TCT.  Eq. 
(4)  should  be  considered  as  representing  a 
qualitative  feature  of  Tcr  vs.  V  relationship. 
One  aymptote  was  at  negative  value  of  V.  The 
U  curve  crossed  the  Tcr  axis  at  about  18  mm. 
This  value  gives  a  rough  estimation  of  critical 
diameter  of  matrix  emulsion,  which  will  be 
several  times  greater  than  the  value  measured 
by  wedge  samples  (17). 


6MB  Volume  Fraction 

Fig.  7.  Critical  thickness  for  detonation 
propagation 

One  notable  feature  in  Tcr  is  it°,  very  small 
value  at  from  0.2  to  0.7  volume  fraction  of 
GMB.  The  smallest  critical  thickness  was  about 
0.5  mm  and  this  value  is  about  the  same  order 
to  those  of  high  explosives  (17).  This  suggests 
that  the  reaction  zone  length  of  emulsion  ex¬ 
plosives  is  very  small,  because  T^  is  considered 
to  be  approximately  proportional  to  the  reaction 
zone  length. 

An  attempt  to  correlate  A  in  Eq.  (2)  w  th 
critical  radius  was  not  successful  for  high  ex¬ 
plosives  (9). 


Fig.  8.  Coefficient  A  in  Eq.  (2)  vs.  critical 
thickness  (Tcr ) 

Fig.  8  shows  a  plot  of  A  against  Tcr  for  emul¬ 
sion  explosives.  The  data  were  well  fitted  by  a 
linear  relation, 

A  =  0.96  Tcr  -  0.22. 

(5) 

It  should  be  noted  that  the  values  of  A  were  ob¬ 
tained  from  0.12  to  0.54  volume  fraction  of 
GMB,  which  are  in  the  left  side  of  U  shape  curve 
in  Fig.  7. 

5.  CONCLUSIONS 

The  detonation  behavior  of  emulsion  ex¬ 
plosives  containing  GMB  was  studied  in  a  wide 
range  of  GMB  volume  fraction.  Diameter  effect 
on  the  detonation  velocity  was  satisfactorily  ex¬ 
pressed  by  Eq.  (2)  and  the  dependence  of  the 
coefficient  A  on  initial  density  exhibited  a 
remarkable  difference  compared  to  a  high  ex¬ 
plosive  60/40  RDX/TNT  (Fig.  5).  The  detonation 
velocities  extrapolated  to  infinite  diameter 
agreed  well  with  theoretical  calculations  using 
KHT  equation  of  state.  The  agreement  was 
especially  good  at  high  density,  which  indicates 
a  completion  of  AN  decomposition  at  the 
detonation  front.  The  critical  thickness  mea¬ 
sured  by  explosive  wedge  samples  showed  a 
strong  dependence  on  the  volume  fraction  of 
GMB.  The  curve  (Fig.  7)  exhibited  two  vertical 
asymptotes.  The  minimum  value  of  critical 
thickness  was  about  0.5  mm.  The  value  is  close 
to  those  of  high  explosives  and  suggests  a  small 
reaction  zone  length. 
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DISCUSSION 

M.  M.  CHAUDHRI,  Cavendish 
Laboratory,  Cambridge,  U.K. 

In  one  of  your  viewgraphs  you  showed  that 
the  reaction  zone  length  of  a  typical  high  ex¬ 
plosive  decreases  with  the  increase  in  its  densi¬ 
ty,  whereas  for  the  case  of  your  microballoon 
sensitized  emulsion  explosive  the  reaction  zone 
length  increases  with  the  increase  in  the  ex¬ 
plosives  density.  This  fundamental  difference  is 
very  significant.  Would  you  please  comment  as 
to  why  this  dramatic  difference  in  behavior  of 
the  two  types  of  explosive  occurs? 

REPLY  BY  M.  YOSHIDA 

One  possible  reason  for  the  discrepancy  found 
in  Fig.  5  might  be  the  completely  different  rela¬ 
tionships  of  the  CJ  temperature  and  initial  den¬ 
sity  between  these  two  types  of  explosives.  As 
many  CJ  calculations  show  (e.g.  K.  Tanaka 
‘Detonation  Properties  of  Condensed  Ex¬ 
plosives'  NCLI,  1983}  the  CJ  temperature  of 
high  explosives,  or  group  1  explosives,  de¬ 
creases  as  the  initial  density  decreases,  whereas 
that  of  group  2  explosives  increases  (Table  2) 
at  this  density  range. 

Although  we  couldn’t  check  whether  A  vs. 
density  curve  has  its  minimum  or  not,  the 
critical  thickness,  which  is  also  considered  to  be 
roughly  proportional  to  reaction  zone  length, 
had  a  minimum  value  with  its  density  value 


roughly  corresponding  fco  the  density  of  max¬ 
imum  CJ  temperature.  This  will  support  the 
above  explanation. 

DISCUSSION 

G.  OM.  REDDY.  IDL  Chemicals  Ltd. 

You  mentioned  that  the  air  is  trapped  during 
water-in-oil  emulsion  explosive.  Where  do  you 
observe  air  bubbles?  Are  they  in  oil  phase  or 
aqueous  phase?  What  is  the  size  of  the  bubbles 
and  how  are  they  determined? 

REPLY  BY  M.  YOSHIDA 

The  size  of  the  largest  air  bubbles,  which  ex¬ 
isted  outside  of  emulsion  cells,  was  about  a  few 
milimeters.  As  we  could  not  observe  a  cell  of 
emulsion  matrix  by  our  microscope  of  which 
resolution  was  0.42  pm,  we  can  say  nothing 
about  the  possibility  of  existence  of  air  in  oil  or 
aqueous  phase. 

DISCUSSION 

S.  GOLDSTEIN,  Los  Alamos  National 
Laboratory 

In  your  failure  thickness  experiments,  did  you 
worry  about  confinement  effect  of  the  PMMA 
plates  around  the  explosive? 


REPLY  BY  M.  YOSHIDA 

The  confinement  effect  of  PMMA  will  not  be 
considered  as  negligible  due  to  the  low  density 
of  explosives.  Fig.  7  should  be  considered  to 
represent  a  qualitative  feature  of  critical 
thickness. 

DISCUSSION 

OLDRICH  MACHACEK,  Thermex 
Energy  Corporation 

The  w/o  type  explosive  emulsions  are  made 
by  emulsifying  the  oxidizer  solution  into  the  oil 
phase.  The  oxidizer  is  completely  dissolved  at 
f.e.  180  degrees  F  and  introduced  with  a 
vigorous  mixing  into  heated  oil  phase  contain¬ 
ing  w/o  emulsifier.  If  we  suppose  that  the 
crystallization  point  of  the  oxidizer  solution  is 
around  140  degrees  F,  we  could  anticipate  that 
at  room  temperature  the  individual  oxidizer 
droplets  contain  a  mixture  of  solid  and  liquid 
particles.  However,  if  we  cool  the  explosive 
emulsions  to  a  low  enough  temperature  (say  — 
40  degrees  F)  and  then  to  expose  them  to  a 
strong  mechanical  impulse,  the  temperature  of 
the  whole  body  of  emulsion  suddenly  may  rise 
by  30-50  degrees  F,  and  the  emulsion  loses  all 
excellent  explosive  characteristics  irreversibly. 
This  can  be  explained  if  we  suppose  that  the  ox¬ 
idizer  solution  is  in  a  supercooled  state  as  liquid. 
This  aspect  should  also  be  considered  in 
evaluating  explosive  emulsions  of  the  o/w  type. 
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INTERMOLECULAR  EXPLOSIVES 


I.  B.  Akst 

Los  Alamos  National  Laboratory 
Group  M-8,  MS  J960 
Los  Alamos,  New  Mexico  87545 


The  steady-state  detonation  characteristics  of  a  few  intermolecular 
explosives  are  examined  along  with  results  of  wedge  experiments  on 
initiation  and  reaction  growth  in  one  system  (EAK),  toward  a  better 
understanding  of  this  class  of  explosives.  The  importance  of  factors 
such  as  products  and  their  states,  and  temperature,  to  performance 
of  these  systems  and  explosives  in  general  is  discussed. 

Hydrogen  compounds  may  be  superior  enough  to  carbon  and  its 
compounds  as  fuels  and  products  for  quick  metal-accelerating  ex¬ 
plosives  that  the  effect  of  the  generally  lower  density  is  offset.  High 
temperatures  and  condensation  of  solid  products  are  probably  the 
main  causes  of  late  appearance  of  energy  in  metal  motion. 

The  unusual  shock  sensitiveness  and  explosiveness  of  EAK  are 
indicated  by  wedge  results  including  pseudo-Pop-plots  of  overtak¬ 
ing  waves,  and  by  plots  of  shock  velocity  versus  transit  distance  in 
the  wedges. 


INTRODUCTION 

Intermolecular  explosives  are  the  most  used 
class,  but  not  the  most  researched  nor  the  best 
understood.  They  can  be  defined  as  a  class  of 
composites  in  which  a  significant  part  of  the 
performance  comes  from  fast  reactions  between 
mixed  substances.  A  principal  criterion  and  aim 
is  synergy,  performance  greater  than  that  of  the 
individual  components.  The  research  and  ap¬ 
plications  studies  have  as  a  purpose  the  better 
understanding  of  these  systems;  this  might 
result  in  the  development  of  better  explosives 
by  transcending  some  of  the  present  limits  on 
stability,  sensitivity,  density,  performance,  ease 
of  manufacture,  availability,  and  cost  of  single 
compounds. 

The  combinatorial  reactions  of  intermolecu- 
lars  are  in  contrast  to  decomposition  in  mono- 
molecular  (an  easier  term  than  intramolecular) 
explosives  and  the  intermediate  performance  in 
mixtures  of  essentially  noninterreactive  com¬ 
posites  such  as  cyclotols  and  monomoleculars 
diluted  with  inerts.  Average  and  maximum 


distances  between  reactants  are  orders  of  mag¬ 
nitude  greater  in  intermoleculars  than  in  mono¬ 
moleculars,  resulting  in  much  more  mass 
transport  before  reaction  and  a  broader  spec¬ 
trum  of  reaction  times.  Reaction  orders  are  at 
least  superficially  different  also,  the  principal 
type  being 

A  +  B  +  ...  -C  +  ...  , 

with  reaction  type 

A  B  +  C  +  ... 

being  dominant  in  monomoleculars  but  not  as 
important  in  intermoleculars.  However,  the 
orders  may  not  be  very  different  if  one  of  the 
reactants  is  itself  an  explosive,  and/or  the  im¬ 
portant  energy-producing  reactions  between  ox¬ 
idizer  and  fuel  moieties  are  preceded  by  in¬ 
termediate  decomposition  routes  into  those 
moieties  in  particular  monomoleculars. 

In  addition  to  these  principal  intrinsic  dif¬ 
ferences,  the  materials  used  in  many  inter¬ 
moleculars  are  chemically  quite  different  from 
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the  compounds  of  most  common  monomolecular 
explosives.  This  is  no  doubt  a  result  of  the 
former  being  so  heavily  used  industrially,  where 
cost  and  performance  considerations  are  dif¬ 
ferent  from  those  of  military  explosives.  Using 
the  ideas  of  one  world  in  the  other,  particularly 
to  yield  new  explosives  with  special 
characteristics  for  military  use,  has  resulted  in 
some  explorations  which  have  produced  prac¬ 
tical  formulations  and  which  can  be  used  to  fur¬ 
ther  the  science  of  explosives  in  general. 

There  are  still  other  differences,  some  of  them, 
like  microstructure  or  particle  size,  related  to 
the  intrinsic  differences  above.  I  would  like  to 
focus  on  the  apparent  effect  of  some  chemical 
differences  on  steady-state  detonation,  and  then 
describe  some  non-steady-state  effects  seen  in 
one  system,  EAK,  which  is  a  eutectic  composi¬ 
tion  (46/46/8  by  weight,  also  with  variations)  of 
ethylenediamine  dinitrate  (EDD),  ammonium 
nitrate  (AN),  and  potassium  nitrate  (KN). 

EXPERIMENTAL 

The  materials  and  acquisition  of  most  of  the 
data  have  been  described  previously  (1,  2,  3,  4, 
5).  Material  for  the  wedge  tests  was  made  by 
Group  M-l  at  Los  Alamos.  Most  was  made  by 
synthesizing  EDD  as  described  in  (5),  melting 
it  with  AN  and  KN  in  a  kettle,  and  then  casting 
it  into  cylindrical  molds  from  which  wedges 
were  machined  in  several  orientations  with 
respect  to  the  casting  geometry.  Some  EAK 
was  made  by  synthesizing  and  melting  under 
perchloroethylene,  and  one  set  of  wedges  was 
made  by  pressing  after  granulation  in  cold 
perchloroethylene. 

The  wedge  test  for  quantitative  determina¬ 
tion  of  shock  sensitivity  has  been  described 
elsewhere  (6)  and  was  used  with  wedges  not  less 
than  76  mm  in  width  and  150  mm  long.  The 
wedge  angle  was  30°  for  most  tests  with  a  max¬ 
imum  run  of  55  mm;  a  few  of  the  early  tests  used 
25  0  and  a  maximum  run  of  30  mm.  One  test  was 
carried  out  in  double  width  (with  a  300-mm- 
diameter  plane-wave  lens  replacing  the  usual 
200  mm  one)  to  assure  that  erosion  of  shock 
strength  from  the  sides  did  not  occur  during  the 
free  run. 

STEADY-STATE  DETONATION 

Mass  transport,  longer  reaction  time,  and 


different  reaction  orders  notwithstanding,  the 
reaction  front  velocity  (detonation  speed,  D) 
may  be  faster  and  the  performance  higher,  both 
calculationally  and  experimentally,  in  particular 
intermolecular  systems  than  in  some  detonating 
monomolecular s  of  the  same  density  and 
available  thermochemical  energy.  This  can  be 
true  even  when  one  of  the  intermolecular  part¬ 
ners  is  itself  a  high-performing  ideal 
monomolecular.  Note  the  EA  systems  in  Table 
I,  especially  EAK  (50/42.5/7.5  by  weight):  its  D 
of  8.02  km/s  in-102  mm  diameter  confined  in  10 
mm  of  copper  is  above  those  (7.86  and  7.73  km/s 
calculated  by  the  Tiger  code  using  the  BKWR 
equation  of  state  (7)  or  by  the  Kamlet-Jacobs 
short  method  (8),  and  above  that  of  EDD.  EDD 
is  a  powerful  explosive,  with  both  D  —  7.7  km/s 
at  high  density  —  and  pressure  (about  23  GPa) 
higher  than  TNT.  It  is  not  necessary,  although 
it  may  be  advantageous,  for  the  intermolecular- 
ly  reacting  partners  to  be  themselves  detonable, 
as  has  been  demonstrated  in  an  all-solids 
system  (4)  and  various  ones  with  a  liquid  com¬ 
ponent,  such  as  ANFO. 

In  some  cases  the  equation  of  state  calcula¬ 
tions!  differences  are  greater  than  the  difference 
between  experiment  and  ideal  calculation. 

High  pressure  and  relatively  fast  reaction  are 
suggested  by  high  detonation  speed.  Perfor¬ 
mance  synergism  is  verified  by  metal  propulsion 
as  in  heavily  confined  plate-dent  tests  in  small 
diameter  (1, 2, 5)  and  cylinder  tests  (1,  2),  Table 

1.  But  these  tests  integrate  pressure-time 
variables,  hence  do  not  necessarily  confirm  high 
pressure  or  very  fast  reaction.  In  fact,  very  high 
pressures  can  hardly  have  occurred  in  the  con¬ 
fined  plate  dent  tests,  which  had  maximum 
shock  (detonation)  velocities  of  5  or  6  km's  (1, 

2,  4,  5)  because  of  the  small  diameter. 

It  may  be  noted  that  reaction  rate  or  reaction 
zone  effects  may  be  reflected  in  the  cylinder  test 
by  changes  in  D  with  diameter,  while  the 
cylinder  wall  energy  may  or  may  not  be  in¬ 
variant  over  the  same  range  of  diameters:  EAR 
(15  wt%  RDX)  increases  greatly  in  D  from  25.4 
to  50.8  to  101.6  mm,  while  the  cylinder  energy 
(wall  speed)  changes  very  slightly,  observable 
only  by  small  changes  in  arrival  times  at  par¬ 
ticular  expansion  distances,  which  is  an  integra¬ 
tion  of  the  wall  velocity.  EA  50/50  increases  in 
both  D  and  energy  with  diameter,  as  did  an 
aluminum/  perchlorate  formulation  reported  by 


Finger  et  al.  (9). 

Other  systems  may  yield  experimental 
speeds,  pressures,  and  performance  consider¬ 
ably  lower  than  expected,  ever  though  they  are 
or  appear  to  be  similar  to  well-performing  inter- 
moleculars  in  stoichiometries  (oxygen  balance), 
potential  chemical  energies,  density,  and 
detenability.  They  may  even  have  the  same  ox¬ 
idizers  and  calculate  as  well.  The  TNT  mixtures, 
Amatols,  in  Table  I  are  of  that  nature;  TATB 
in  mixture  with  lithium  nitrate  appears  to  be  of 
that  kind  also  (10).  On  the  other  hand,  hydra¬ 
zine/hydrazine  nitrate  systems  perform  well 
(11),  as  does  the  eutectic  of  ADNT/AN  (1, 12). 

The  differences  in  performance  are  hypothe¬ 
sized  to  be  a  result  of  different  reactants  — 
fuels,  mostly,  because  there  seems  to  be  a  bet¬ 
ter  present  chance  to  decode  carbon-hydrogen 
differences  than,  for  example,  oxygen-fluorine 
differences,  although  there  is  progress  there 
(13).  Reactant  differences  load  to  differences  in 
products  and  their  states,  or  detonation  char- 
'■'teristics  including  the  quantity  of  gas,  the 
average  molecular  weight  of  the  gases,  and 
detonation  temperature.  Table  II  gives  those 
parameters  for  some  hydrogen  and  carbon  fuel 
cystems. 

It  is  suggested  that  hydrogen  is  a  better  fuel 
than  carbon  for  producing  higher  performance 
of  some  kinds,  including  metal  acceleration,  at 
least  in  moderate  explosive  mass  to  metal  mass 
ratios.  This  thesis  is  supported  by  observations 
made  previously  (1):  the  speed  with  which 
energy  delivery  is  effected  is  indicated  by  the 
ratios  of  energies  at  expansions  of  7  and  2  times 
the  original  volume,  that  is  (v7/v2)2  where  v  is 
cylinder  wall  radial  velocity.  It  is  also  supported 
by  a  paper  on  the  chemistry  of  detonations  (14) 
in  which  higher  mole  fractions  of  water  are 
observed  to  correlate  well  with  early  cylinder 
energy,  that  is,  by  smaller  ratios  of  (v7/v2)2, 
wlu  explosives  having  more  carbon  products 
have  higher  ratios;  and  by  an  observation  in 
(15),  in  which  it  was  noted  that  HNO  explosives 
deviated  positively  from  the  performance 
predicted  by  an  otherwise  tight  correlation  and 
fitted  equation  (15),  while  CNOs  deviated 
negatively. 

Four  hypotheses  about  hydrogen  and  its  prod¬ 
ucts  being  better  than  carbon  in  this  perfor¬ 
mance  connection  are: 


-(1)  More  gas  is  produced.  Assuming  that  an 
explosive  charge  is  volume-limited  and  that  the 
hydrogenous  explosive  has  density  comparaL.a 
to  carbonaceous  explosive  (although  on  the 
whole  it  is  lower,  in  practice  it  need  not  be  great¬ 
ly  so),  then  there  are  more  moles  of  hydrogen 
than  carbon,  and  there  can  be  more  moles  of 
water  than  carbon  oxides  by  1.56-2.44  to  1 
(H20/C0-H20/C02).  On  average,  including 
lower  density,  the  ratio  of  H/C  oxide  gases 
predicted  by  simple  stoichiometry  will  be 
somewhere  near  2.  In  thermohydrodynamic 
code  calculations  and  experiment,  the  ratios  of 
the  total  gases  are  nearer  4/3.  See  Table  II  for 
some  numbers. 

(2)  The  average  molecular  weight  of  the  gases 
will  be  lower.  If  there  are  no  solid  products,  of 
course  the  molecular  weight  is  the  reciprocal  of 
the  number  of  moles  of  gas  produced,  so  the 
more  gas,  the  lower  the  MW.  In  reaction 
motors,  or  in  Defourneaux’s  thesis  on  propul¬ 
sion  by  explosives  (16),  the  velocity  of  the  rocket 
or  the  metal,  respectively,  is  inversely  propor¬ 
tional  to  the  molecular  weight  of  the  working 
fluid  gas. 

(3)  The  temperature  of  the  fluid  is  lower.  The 
various  thermohydrodynamic  codes  calculate 
detonation  temperatures  of  water-rich  systems 
perhaps  500  °K  or  more  lower  than  C02-rich 
systems.  The  total  thermochemical  energies  of 
the  two  kinds  of  systems  can  easily  be  about 
the  same;  EA  systems  heats  of  detonation  are 
close  to  those  of  TNT  and  Amatols,  both 
calculationally  and  by  calorimetry  (17,  1)  on 
both  weight  and  volume  bases.  If  total  energies 
are  equal,  then  partition  to  lower  rotational  and 
vibrational  energies  means  greater  translational 
energy. 

(4)  Transitional  states  of  carbon  during  ex¬ 
plosive  decomposition  may  produce  thermic 
events  of  a  nature  not  usually  considered.  It  has 
been  reported  (18)  that  at  CJ  all  molecular 
bonds  are  broken.  If  that  occurs,  or  to  the  ex¬ 
tent  that  occurs,  carbon  not  yet  reacted  nor  con¬ 
densed  to  solids  or  quasi-solids  is  effectively  a 
gas  (if  not  ionized),  which  has  the  high  positive 
heat  of  formation  of  +172  keal/mol  or  over  14 
keal/gm.  The  heat  sink  of  unreacted,  uncon¬ 
densed  carbon  would  reduce  the  system’s  im¬ 
mediately  available  energy,  while  the  carbon 
would  not  be  a  good  low-molecular-weight  gas 
because  of  its  elevated  thermal  state  and  the 
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TABLE  I 

Performance  in  Cylinder  Tests 


Explosive 

Diameter 

Density 

TMD 

D 

Wall  Velocity  km/s 

mm 

gm/cc 

% 

km/s 

V/V0=2 

V/V0= 7 

V/V0— 11 

TNT 

25.4 

1.63 

98.5 

6.99 

1.23 

1.40 

1.46 

EDD 

25.4 

1.55 

97.2 

7.55 

1.29 

1.44 

1.46 

Comp  B  64  RDX 

25.4 

1.72 

98.5 

7.99 

1.44 

1.63 

1.68 

EA  50/50 

25.4 

1.60 

96.5 

6+ 

1.06 

1.24 

1.33 

50.8 

1.59 

95.9 

7.67 

1.28 

1.45 

1.50 

101.6 

1.61 

97.1 

7.87 

1.34 

1.49 

1.53 

EAK  50/42.5/7.5 

101.6 

1.64 

98.5 

8.02 

1.33 

1.47 

1.52 

EAR  42.5/42.5/15 

25.4 

1.62 

96.6 

6.93 

1.35 

1.52 

1.57 

50.8 

1.60 

95.4 

7.70 

1.36 

1.50 

1.56 

101.6 

1.63 

97.2 

8.17 

1.36 

1.50 

1.56 

EARL-1,  5.2  Al 

50.8 

1.65 

96.4 

7.46 

1.34 

1.51 

1.52 

101.6 

1.66 

97.0 

8.02 

1.37 

1.54 

1.61 

EARL-2,  14.8  Al 

50.8 

1.72 

96.8 

7.23 

1.30 

1.46 

1.49 

101.6 

1.71 

96.2 

7.70 

1.39 

1.61 

1.69 

Amatol  57AN  5pm 

25.4 

1.61 

95.1 

6.07 

1.01 

1.18 

1.23 

54AN  25pm 

50.8 

1.61 

95.2 

6.05 

1.01 

1.18 

1.24 

Compositions  are  weight  percent.  Cylinder  wall  thickness  was  0.1  x  I.D.  (diameter  shown).  Amatol  data 
courtesy  F.  Helm,  D.  Breithaupt,  R.  McGuire,  Lawrence  Livermore  National  Laboratory. 


ensuing  condensation. 

Aluminum  is  a  fuel  of  interest  and  pragmatic 
importance,  differing  from  carbon  in  practice 
because  it  is  usually  in  elemental  particles  in  for¬ 
mulations.  If  small  particles  were  converted  to 
a  gas  by  the  detonation  or  by  liberation  from 
a  compound,  as  suggested  for  carbon,  the  ef¬ 
fects  might  be  quite  similar  to  those  of  carbon: 
Upon  forming  individual  molecules  of  oxides, 
those  too  would  be  what  is  normally  a  solid  in 
the  gaseous  state,  with  very  high  positive  heat 
of  formation  and  a  hard-to-pi  edict  thermic 
situation  dependent  on  condensation  states  and 
rates. 

The  effects  of  aluminum  on  performance  in 
noderate  time  frames  such  as  in  the  cylinder 
test  or  plate  dent  may  change  considerably  with 
variations  in  the  amount  in  the  formulation:  In 
relatively  small  quantities  in  fine  particulate 
form  it  may  help  by  both  burning  and  condens¬ 
ing  quickly  enough  to  raise  the  ambient 
temperature  of  the  fluid  and  thereby  increase 
the  overall  reaction  rate;  the  influence  of 
temperature  on  the  reaction  rate  is  dis  ussed  by 
McGuire  in  this  symposium  (10).  In  larger 
amounts  the  times  might  be  too  long.  The 


formulations  EARL-1  and  EARL-2  have  ap¬ 
proximately  5  and  15  percent  by  weight 
aluminum  (5  to  20  micrometers  diameter),  and 
as  may  be  seen  from  the  cylinder  data  of  Table 
I,  the  lesser  amount  of  aluminum  depressed  the 
detonation  velocity  of  the  nonaluminized  EAR 
only  slightly  in  either  50  or  100  mm  diameter, 
with  D  over  8  km/s  in  the  larger  size.  At  the 
same  time  it  had  little  if  any  effect  on  the  energy 
in  50  mm  diameter  but  increased  it  in  100  mm 
diameter  at  expansions  greater  than  V/Vo=2. 
The  greater  amount  of  aluminum  reduced  the 
detonation  velocity  in  both  sizes  and  reduced 
the  cylinder  energy  in  50  mm  diameter  but  in¬ 
creased  it  significantly  at  all  expansions  in  100 
mm  size.  Such  crossovers  point  toward  non- 
lossy  ways  to  tailor  energetics  effects. 

WEDGE  TESTS  OF  SHOCK  INITIATION 

One  of  the  effects  of  plane  shocks  of  moderate 
duration  in  EAK  was  a  rather  linear  increase 
in  shock  speed  through  the  wedge  thickness 
(maximum  55  mm)  over  a  wide  range  of  input 
pressures.  Slopes  and  intercepts  are  shown  in 
Fig.  1,  which  illustrates  the  effects  of  input 
pressure  and  composition  proportions.  The 
eutectic  EAK  composition,  46/46/8  by  weight, 
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TABLE  II 

Some  Calculated  Product  and  Detonation  Parameters 


Fuel  Ratios 

KSMa 

BKWRb 

BKW 

Explosive 

Atoms 

Wt% 

N 

MW 

C 

N 

T 

D 

P 

N 

T 

D 

P 

H  1C 

H/(H+C) 

|mols/kg  gm/mol  mols/kg 

mols/kg 

°K 

km/s 

GPa 

mols/kg 

°K 

km/s 

GPa 

TNT 

0.71 

5.6 

25.3 

28.5 

23.1 

27.9 

2711 

7.18 

20.4 

28.5 

2905 

6.99 

20.8 

Amatol  (60AN) 

3.14 

20.8 

36.3 

25.7 

5.5 

36.4 

2421 

8.37 

28.0 

36.3 

•616 

8.45 

29.9 

Amatol  (79 AN) 

6.71 

35.9 

39.8 

25.1 

0 

40.0 

2265 

8.68 

29.5 

40.0 

1292 

8.74 

31.2 

TATB 

1.00 

7.7 

29.1 

27.2 

17.4 

29.0 

2177 

8.39 

31.3 

29.1 

2128 

7.85 

29.7 

HMX 

2.00 

14.3 

33.8 

27.2 

6.8 

33.8 

3093 

9.38 

40.2 

33.8 

2264 

9.01 

39.4 

EDD 

5.00 

29.4 

40.3 

22,4 

8.1 

40.3 

2140 

7.78 

24.1 

40.3 

1337 

8.49 

27.6 

EA  44/56 

i... . . . . . 

11.00 

47.8 

42.2 

23.7 

0 

42.2 

2176 

8.68 

28.3 

42.2 

1196 

8.85 

30.5 

a  Kamlet- Jacobs  H20-C02  “arbitrary”  (8);  MW  is  average  of  gases;  C  is  carbon 
b  BKW  with  modified  parameters  (7) 

Some  calculations  (a  and  b)  at  TMD,  others  at  95  to  98  TMD 


is  apparently  more  sensitive  than  50/42/8,  even 
though  there  is  less  of  the  detonable  component, 
EDD.  It  is  not  unreasonable  to  expect  the  sen¬ 
sitivity  to  be  near  the  maximum  at  eutectic  pro¬ 
portions  because  the  intimacy  of  mixing  should 
be  greatest  and  the  effect  of  particle  size  small¬ 
est.  Reducing  the  EDD  to  42/50/8  depressed 
sensitivity  and  produced  almost  the  only  fail¬ 
ing  waves  observed,  in  4  out  of  5  tests. 

Some  batches  appeared  to  have  a  Igw  max¬ 
imum  velocity.  This  could  mask  classical  tran¬ 
sitions  to  high  detonation  velocity,  and  can  even 
give  the  impression  of  failing,  if  the  input  shock 
is  very  strong,  overdriving  the  materials,  as  in 
Batch  334,  Fig.  2.  The  low  performance  is  prob¬ 
ably  a  result  of  coarse  microstructure,  as  seen 
along  with  considerable  anisotropy,  in  Figs.  3 
through  6.  These  scanning  electron  micrographs 
are  from  three  mutually  orthogonal  cuts  of  the 
same  sample,  the  fourth  picture  identifying  the 
particles  which  are  AN. 

There  were  a  few  occurrences  of  the  classical 
wedge-test  result,  rapid  transition  to  high-speed 
detonation.  One  of  these  is  seen  in  Fig.  7,  where 
there  is  also  evidence  of  overshoot  to  higher* 
than-normal  D. 

Figures  8  and  9  show  two  other  responses 
often  seen.  One  (Fig.  8)  shows  fairly  steady 
shock  velocity  increases  through  the  wedge 
after  a  period  of  2G  mm  or  so  of  no  acceleration, 
implying  slow  or  late  growth  in  reaction  behind 


the  front.  There  is  a  suggestion  of  an  overtak¬ 
ing  wave  at  35  mm,  followed  by  further  linear 
increase  in  velocity  to  near-normal  D.  In  Fig. 
9  there  is  evidence  of  instability,  possibly 
reflecting  irregularity  and  anisotropy  in  the 
microstructure;  the  structure  of  the  shock  pro¬ 
gress  is  very  complex,  with,  possibly,  more  than 
one  transition. 

Figure  10  shows  shock  velocity  decreasing, 
taken  to  be  incipient  failure  in  EAK  42. 

Because  of  the  dearth  of  clear,  quick  transi¬ 
tions  to  kiovra  high  detonation  velocity,  true 
Pop-plots  could  not  be  fitted;  but  nonlinear  in¬ 
creases  in  velocity  of  the  shock  suggested  over¬ 
taking  waves  often  enough  to  try  fitting 
distances  to  these  “transitions”  to  input 
pressure  in  log-log  space.  In  Fig.  11,  which  also 
includes  Pop-plots  of  several  standard  materials 
for  comparison,  the  right  ends  of  these  plots  oc¬ 
cupy  positions  near  those  of  insensitive  ex¬ 
plosives,  but  with  relatively  long  run  even  at 
high  pressures.  The  slopes  are  much  flatter,  put¬ 
ting  the  left  ends  nearer  the  region  of  more  sen¬ 
sitive  explosives,  with  only  moderately  longer 
runs  at  lower  pressures  than  at  high  pressures. 

In  the  context  of  duality  in  the  nature  of  sen¬ 
sitivity,  these  materials  might  be  said  to  exhibit 
low  explosiveness  —  likelihood  of  escalation  to 
very  violent  reactions  —  but  not  low  sen¬ 
sitiveness.  The  results  of  Foster  and  Craig  (19) 
using  a  large  scale  (200  mm  diameter  confined, 
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Fig.  1.  Slopes  and  intercepts,  or  initial  and  final 
velocities.  The  eutectic  composition  (EAK  46) 
is  apparently  more  reactive  than  one  with  more 
of  the  detonable  component,  EDD  (EAK  50). 
EAK  42  displayed  incipient  failure. 


Fig.  2.  Slopes  and  intercepts,  or  initial  and  final 
velocities.  Batch  334  apparently  has  a  maximum 
D  of  about  6  kmJs,  even  when  directly  initiated 
by  Comp.  B  (upper  line)  and  not  too  high  densi¬ 
ty,  with  6%  voids.  Batch  154  shots  had  only  1  % 
voids. 


Fig,  3.  Fig.4 

Figs.  3  —  6.  Scanning  electron  micrographs  of  a  sample  of  cast  EAK  46  cut  in  three  mutually  or¬ 
thogonal  planes.  Fig.  5  is  along  the  cleavage  plane.  Fig.  6  is  a  potassium  x-ray  distribution  map 
of  the  field  in  Fig.  5. 
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Fig.  5 


Fig.  6. 

Fig.  5  and  6.  See  caption  on  previous  page 
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Fig.  7.  Cast  EAK-46  at  1.657  gm/cc,  .992  of 
f'MD,  pressure  of  21.4  GPa  in  the  wedge.  A  true 
transition  to  detonation  occurred  about 35  mm 


Fig.  8.  Cast  EAK-46  at  1.65  gm/cc,  .99  ofTMD, 
pressure  of  13.0  GPa  in  the  wedge. 
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Fig.  9.  Pressed  EAK-46  at  1.664  m/oc,  .995  of 
TMD,  pressure  of  20  GPa  in  the  wedge.  Transi¬ 
tion  at  14  mm  is  followed  by  instability,  perhaps 
another  transition  or  growth,  finally  reaching 
the  known  high  D. 
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Fig.  11.  Pop-plots  (solid  lines)  of  some  well- 
known  explosives,  and  runs  to  transitions  ver¬ 
sus  pressure  in  EAKs. 
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Fig.  10.  Cast  EAK-42  at  1.65  gm/cc,  .984  of 
TMD,  pressure  in  wedge  directly  from  12. 7  mm 
thick  Comp.  B  (no  attenuator).  The  plot  is  inter¬ 
preted  as  a  failing  wave. 

200  mm  long  run)  “gap  test”  are  not  antithetical 
to  such  a  description. 

The  effect  of  void  space  or  its  lack  was 
variable:  densities  were  mostly  quite  high,  and 
density  was  often  overridden  by  other  strong 
variables.  For  example,  fast-frozen,  fine- 
microstructure  EAK  pressed  to  high  density 
was  as  insensitive  as  any  of  the  other  batches, 
yet  one  of  the  few  fast  transitions  to  high  D  oc¬ 
curred  in  this  material  at  over  .99  of  theoretical 
maximum  density. 

High-energy  composite  propellants  can 
sometimes  exhibit  reaction  structure  similar  to 
EAK  in  wedge  tests,  as  observed  from  the  work 
of  Dick  (20).  The  slow  growth  of  reaction  in  all 
these  materials,  with  failure  of  EAK  —  most  of 
the  time  —  to  transit  in  these  experiments  to 
known  steady-state  detonation  velocities  of  7.5 
kni/s  and  higher,  is,  we  suppose,  idiocratic  to  in- 
termolecular  systems.  The  events  in  the  early 
states  of  initiation  and  growth  of  reaction  are 
made  clearer  by  the  wedge  method,  while  the 
test’s  constraints  on  run  time  and  distance  to 
maintain  one-dimensionality  and  minimize  con¬ 
fusion  with  diameter  effects  limit  definition  of 
the  final  stages  before  steady  state. 

CONCLUSIONS 

Explosives  physicists  should  find  it  worth¬ 
while  to  study  detonation  products  and  their 
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states  more  comprehensively.  Explosives 
chemists  might  look  for  in termolecular  , systems 
and  moiiomolecular  compounds  with  more 
hydrogen  fuel  and  less  carbon  fuel  even  at  some 
cost  in  density,  a  parameter  skewing  the  search 
for  new  compounds  toward  carbon.1  Such  new 
intermoleculars  and  compounds  are  reasonably 
sure  to  be  good  and  useful  explosives  in  some 
way,  if  only  to  advance  detonation  science. 

The  wedge  test  or  some  other  non-invasive  ex¬ 
periment  with  internal  shock  following,  plus 
longer  runs,  could  provide  basic  data  on  reac¬ 
tion  buildup  in  intermoleculars  and  other  com¬ 
posite  systems.  The  data  might  also  be  useful 
in  the  safety  contexts  of  sensitiveness  versus 
explosiveness. 
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DISCUSSION 

INDU  B.  MISRA,  Kanam  Associates, 
Northridge,  CA. 

If  higher  hydrogen  content  results  in  non¬ 
ideality,  perhaps  we  should  revive  pentaborane- 
or  carborane-oxidizer.work  in  intermolecular  ex¬ 
plosives.  We  should  not  be  perturbed  by  the 
pentaborane-hydrazine  failure  experiment  of  the 
past.  Comments? 

REPLY  BY  IRVING  AKST 

The  choice  of  substances  for  the  inter¬ 
molecular  fuel,  including  hydrogen,  need  not  per 
se  affect  nonideality,  but  rather  the  perfor¬ 
mance  observed  in  various  kinds  of  ex¬ 
periments,  some  of  which  are  not  entirely  in¬ 
dicative  of  ideality.  While  the  hydrides  of  boron 
might  be  interesting  on  a  phenomenological 
basis,  the  chances  for  pragmatic  explosives 
would  likely  be  poor,  because,  for  example,  the 
densities  are  very  low,  less  than  one  gram  per 
cubic  centimeter. 
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THE  DETONATION  REACTION 
OF  HETEROGENEOUS  COMPOSITE  EXPLOSIVE 
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Xian, China 

and 

Wang  Aiqin  and  Zou  Quanqing 
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Lanzhou,  China 


The  present  paper  deals  with  the  further  study  concerning  the  ex¬ 
perimental  results  of  heterogeneous  composite  explosives  (H.C.X.). 
The  mechanism  of  detonation  reaction  ofH.C.X.  is  suggested,  and 
some  experiments  are  designed  in  order  to  confirm  the  mechanism. 
The  percentage  reacted  between  the  components  ofH.C.X.  in  detona¬ 
tion  region  (R%)  is  calculated  by  using  the  Nitrogen  Equivalent  Equa¬ 
tion  which  is  corrected  by  the  experimental  detonation  data  of  single 
explosives.  The  R%  of  H.C.X.  composed  of  bis-(trinitroethyl) 
nitramine  and  TNT,  TATB  orHMX,  in  which  the  mean  size  is  about 
0.4  - 1.0  pM,  is  about  40-50%.  The  thickness  of  diffusion  layer  of  the 
above  systems  is  about  0.1041.15  pM  which  is  calculated  from  R% 
and  particle  size  distribution. _ 


INTRODUCTION 

Some  papers  about  H.C.X.  have  been  pub¬ 
lished  (l)-(8).  In  these  papers,  the  nitrate,  per¬ 
chlorate  or  tetranitromethane  was  selected  as 
oxidizer  or  positive  oxygen  balance  explosive, 
the  TNT,  RDX,  HMX  or  eitromethane  as  nega¬ 
tive  oxygen  balance  explosive,  the  graphite, 
aluminum,  boron  or  some  hydrocarbons  as  fuel. 
The  most  of  particle  diam  of  solid  components 
was  over  lOfjM.  The  purpose  in  studying  these 
systems  was  to  obtain  higher  detonation 
parameters  or  higher  ability  accelerated  metal 
than  single  explosive.  Experimental  results  in¬ 
dicated  that  neither  the  former  nor  the  latter 
was  higher,  except  the  explosion  energy  of  some 
systems. 

Price  (2),  McGuire  (7)  and  others  have  pointed 
out  that  the  diffusion  is  the  control  process  in 
detonation  reaction  of  H.C.X.,  but  did  not  men¬ 
tion  it  in  detail. 


Some  systematic  studies  of  H.C.X.  have  been 
made  in  our  laboratory  (9).  The  bis-(trini* 
troethyllnitramine  (I)  was  selected  as  a  typical 
positive  oxygen  balance  explosive,  TNT,  TATB, 
HMX,  C,  Al,  or  some  hydrocarbons  were  used 
to  mix  with  (I).  These  systems  were  prepared 
as  superfine  particle  with  mean  size  about 
0.40-1  .OpM.  The  experimental  results  indicated 
that  the  detonation  velocity  of  superfine 
systems  is  about  300M/s  higher  than  those  of 
the  same  systems  with  coarse  particles,  and  the 
detonation  pressure  is  also  higher. 

The  present  paper  is  a  further  study  concern¬ 
ing  experimental  results  of  H.C.X.  composed  of 
(I)  and  negative  OB  explosives.  The  mechanism 
of  detonation  reaction  of  H.C.X.  is  suggested, 
some  experiments  are  designed  in  order  to 
verify  the  mechanism,  the  percentage  reacted 
between  the  components  of  H.C.X.  and  the 
thickness  of  diffusion  layer  in  detonation  region 
are  calculated. 
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EXPERIMENTAL  PROCEDURES  AND 
RESULTS 

Procedures.  The  mean  size  and  particle  size 
distribution  are  measured  by  Microscope  with 
10-20%  deviation  of  reproductive  tests  and  Disc 
Centrifuger  with  5%  deviation  of  reproductive 
tests,  the  detonation  velocity  by  Probe-Fre¬ 
quency  Meter  with  0.3%  standard  error,  the 
detonation  pressure  by  Air  Shock  Wave  method 
with  3%  standard  error,  the  explosion  energy 
by  Calorimeter  bomb  with  2%  standard  error. 

Results.  See  Table  1  -  Table  5. 

Mean  size  -  d  ,  /iM 
Particle  size  distribution  -  fuM,  -% 
Detonation  velocity  -  D,  m/s 
Detonation  pressure  -  P,  Mbar 
Explosion  energy  -  Q,  cal/g 

DETONATION  REACTION  OF  H.C.X. 

Due  to  the  fact  that  the  components  of  H.C.X 
are  mixed  with  particles  contained  in  a  large 
number  of  molecules,  i.e.,  one  of  lpM  diam  par¬ 
ticle  of  (I)  contains  about  1.6X1011  molecules, 
HMX  about  2.0X10 11  molecules,  therefore,  the 
detonation  reaction  of  H.C.X.  is  more  complex 
than  that  of  single  explosives  or  homogeneous 
composite  explosives. 

We  suggest  the  process  of  detonation  reaction 
of  H.C.X.  as  follows. 

a.  At  first,  the  components  of  H.C.X. 
detonate  individually  according  to  its  self 
detonation  process. 

b.  Then  the  detonation  products  mix  with 
each  other  through  diffusion.  The  diffusion 
starts  as  soon  as  the  detonation  starts,  not  at 
C-J  plane. 

c  Mixed  products  undergo  chemical  reaction 
immediately.  The  velocity  of  chemical  reaction 
is  so  fast  in  comparison  with  diffusion  that  it 
can  be  considered  to  cor  <plete  instantaneously. 
All  energy  delivered  before  C-J  plane  contribute 
to  the  detonation  parameters.  The  detonation 
reaction  is  controlled  by  diffusion. 

d.  The  relationship  of  detonation  character¬ 
istics  of  products  (P,  T,  mass  speed,  etc.)  with 
diffusion  velocity  is  that  the  higher  detonation 
characteristics  the  faster  diffusion  velocity.  The 
quantity  reacted  in  detonation  region  is  decided 


by  the  component  whose  diffusion  velocity  of 
products  is  slowest  or  its  detonation  charac¬ 
teristics  are  lowest. 

e.  If  the  diffusion  velocity  is  dv,  the  time  of 
detonation  reaction  is  dt,  the  thickness  of  dif¬ 
fusion  layer  L=dvxdt.  L  is  definite  for  an  ex¬ 
plosive,  it  is  only  defined  by  dv  and  dt  in  spite 
of  the  particle  size. 

CALCULATION  OF  R% 

Detonation  velocity  is  one  of  the  most  sim¬ 
ple  and  the  most  precise  parameters  to  be  deter¬ 
mined.  Therefore,  it  is  considered  that  R%  is 
more  reasonablely  calculated  from  the  effect  of 
different  reaction  degree  of  H.C.X.  on  D.  The 
standard  error  of  D  measured  in  our  laboratory 
is  about  30  m/s,  the  effect  of  which  on  R%  is 
about  5%.  The  procedure  se'ected  for  calcu¬ 
lating  R%  must  be  controlled  within  the 
measurement  error. 

Through  the  comparison  of  several  calcu¬ 
lating  methods  of  D,  we  selected  the  Nitrogen 
Equivalent  Equation  (10). 

Nitrogen  Equivalent  Equation  is  an  empirical 
formula  given  by  Y.  Guo  in  1964  for  calculating 
D.  Later,  Zhang  Housheng  (II)  developed  it  for 
calculating  P.  In  designing  this  equation,  the 
effects  of  both  energy  and  characteristics  of  pro¬ 
ducts  on  D  are  considered.  Because  the  effect 
of  energy  on  D  is  not  very  sensitive,  therefore 
the  formation  energy  of  explosive  is  neglected. 
This  simplification  is  satisfactory  for  most  ex¬ 
plosives.  but  a  large  deviation  appears  when  the 
formation  energy  is  very  high  or  very  low. 

The  effect  of  neglecting  formation  energy  on 
R%  can  be  eliminated  by  using  the  Nitrogen 
Equivalent  Equation  corrected  by  measured  D 
of  single  explosives  which  are  the  components 
of  H.C.X.  Calculated  results  are  shown  in  Table 
6. 

The  Nitrogen  Equivalent  Equation  and 
calculating  method  of  R%  are  described  in  the 
appendix  of  this  paper. 

CALCULATION  OF  THICKNESS  OF  DIF¬ 
FUSION  LAYER 

The  thickness  of  diffusion  layer  of  H.C.X.  (L) 
is  calculated  by  the  following  equation.  The 
results  are  listed  in  Table  6. 


1012 


i 

1 


TABLE  1 


Performances  of  (I) 


Formula 

M.  P. 

°C 

Sp.Gr. 

g/cm3 

*  D/fio 

P lQ0 

Q 

95.0 

1.97 

8554/1.885 

35.8/1.927 

1303 

TABLE  2 

Detonation  parameters  of  explosives 


Explosive 

D/e0 

PlQo 

Q 

TNT 

6880/1.590 

19.0/1.64 

987 

TATB 

7582/1.855 

25.9/1.85 

770 

HMX 

8868/1.829 

37.3/1.847 

1346 

TABLE  3 

Particle  size  of  H.C.X. 


Serial  No. 

Composition  Wt.% 

d 

Distribution 

<0.5 

0.5— 1.0 

1.0— 1.5 

>1.5 

1 

(I)  81.8/TNT  18.2 

0.97 

9 

44 

40 

7 

2 

(I)  81.8/TNT  18.2 

51X5 

— 

— 

— 

— 

(by  Microscope) 


TABLE  4 

Particle  size  of  H.C.X. 


Serial  No. 

Composition  Wt.  % 

Distribution 

0.14 

-0.19 

0.19 

-0.30 

0.30 

-0.50 

0.50 

-1.06 

1.06 

-1.43 

1.43 

-2.03 

2.03 

-2.73 

3 

(I)  77/TATB  23 

0.44 

18.2 

29.0 

28.3 

19.8 

2.8 

1.5 

0.4 

4 

(I)  57/HMX  43 

0.73 

0.33 

-0.48 

g§ | 

0.75 

-1.00 

1.00 

-1.41 

1.41 

-1.88 

1.88 

-3.26 

33.7 

34.6 

15.0 

10.8 

4.3 

1.6 

(by  Disc  Centrifuger) 


TABLE  5 


Performances  of  H.C.X. 


Serial  No. 

Composition  Wt.% 

1 

D/0o 

PlQo 

1 

(I)  81.8/TNT  18.2 

0.97 

8432/1.792 

30.6/1.792 

2 

(I)  81.8/TNT  18.2 

51X5 

8098/1.792 

28.6/1.735 

3 

(I)  77/TATB  23 

0.44 

8686/1.881 

40.3/1.876 

4 

(I)  57/HMX  43 

0.73 

9046/1.883 

39.6/1.878 

TABLE  6 
TheR%  and  L 


Serial  No. 

Composition  Wt.% 

d 

o/e0 

R% 

L 

1 

(I)  81.8/TNT  18.2 

0.97 

8432/1.792 

41.3 

0.10 

2 

(I)  81.8/TNT  18.2 

51X5 

8098/1.792 

0.0 

— 

3 

(I)  77/TATB  23 

0.44 

8686/1.881 

41.0 

0.09 

4 

(I)  57/HMX  43 

0.73 

9046/1.883 

50.8 

0.15 

100ex-~--  i  Pi[df-(di-2L)3] 


100  I  Pj[df — (dj — 2L)3] 

- izl - (1) 

i  p:id? 

i=l  1 


where 

Qx=  Specific  Gravity  of  H.C.X. 

P;=  The  percentage  of  i  particle 
d;  =  The  diam  of  i  particle,  /rM 
L  - 

THE  VERIFICATION  OF  DIFFUSION 
CONTROL 

In  terms  of  the  mechanism  of  detonation  reac¬ 
tion  described  above,  diffusion  is  the  control  pro* 
cess,  reacted  quantity  is  decided  by  the  compo¬ 
nent  of  the  lowest  diffusion  velocity.  Some  exper¬ 
iments  are  designed  for  verifying  the  mechanism. 

a.  The  systems  listed  in  Table  6  are  zero  OB. 
In  these  cases,  the  R%  is  identical  for  (I)  and 
negative  OB  explosive.  As  for  a  negative  OB 
system  composed  of  lower  (I)  and  higher  TNT 
content  than  that  of  zero  OB.  In  detonation  reac¬ 
tion  of  H.C.X.,  when  the  particle  size  of  both 
systems  is  identical,  the  R%  of  (I)  in  both 
systems  must  be  the  same.  If  the  detonation 
reaction  of  H.C.X.  is  controlled  not  only  by  dif¬ 
fusion  but  also  by  the  chemical  reaction  of  pro¬ 
ducts,  the  R%  of  (I)  in  negative  OB  system 
would  be  higher  than  that  of  zero  OB. 

Another  system  is  prepared,  in  which  the 
higher  (I)  and  lower  content  TNT  are  contained 
than  that  of  zero  OB.  As  the  same  reason,  the 
R%  of  TNT  in  positive  system  ought  to  identify 
with  that  of  zero  OB. 


b.  The  particle  size  of  (I)  and  negative  OB 
explosive  is  nearby,  which  are  contained  in  same 
system  listed  in  Table  6.  When  superfine  (I)  is 
mixed  with  coarse  HMX,  in  terms  of  the  detona¬ 
tion  mechanism  of  H.C.X.,  the  R%  is  decided  by 
coarse  HMX.  It  is  because  the  quantity  diffused 
of  coarse  particle  is  less  than  that  of  the  fine  one. 
In  consequence,  there  is  insufficient  diffusion 
quantity  of  HMX  products  to  react  with  that  of 

(I). 

The  results  listed  in  Table  7  show  that  the  R% 
of  (I)  in  negative  OB  and  TNT  in  positive  OB 
systems  are  identical  with  that  of  zero  OB.  The 
deviation  of  both  is  within  the  experimental  er¬ 
ror.  But  the  R%  of  TNT  in  former  case  or  (I)  in 
latter  case  is  much  lower  than  that  of  zero  OB. 
The  R%  of  the  system  composed  of  superfine  (I) 
and  coarse  HMX  is  close  to  the  R%  of  that 
system  with  coarse  of  both  (I)  and  HMX,  and 
much  lower  than  that  of  superfine  one. 

From  these  results  it  is  shown  that  the  detona¬ 
tion  mechanism  of  H.C.X.  described  above  is 
reasonable. 

DISCUSSION 

We  assume  L=0.10pM,  from  equation  (1)  the 
relationship  of  R%  with  particle  size  can  be 
calculated.  The  results  are  shown  in  Table  8.  It 
can  be  seen  that  the  R%  depend  strongly  on  the 
particle  size.  If  particle  size  is  larger  than  lOpM, 
the  R%  will  be  smaller  than  the  effect  of  ex¬ 
perimental  error  on  R%. 

According  to  the  detonation  mechanism  of 
H.C.X.,  the  R%  is  controlled  by  the  component 
with  the  lowest  detonation  characteristics.  The 
detonation  characteristics  of  nitrate  and  per¬ 
chlorate  are  very  low,  when  they  are  used  as  an 
oxidizer  of  H.C.X.  must  be  prepared  a  system 
with  very  fine  particles  («l/rM). 
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TABLE  7 

Verification  of  Detonation  Mechanism 


Serial  No. 

Composition  Wt.% 

OB% 

d 

o/e0 

R%  ' 

(I) 

— OBX 

1 

(I)  81.8/TNT  18.2 

0 

0.97 

8432/1.792 

41.3 

41.3 

5 

(I)  60/TNT  40 

-19.6 

0.97 

8150/1.763 

43.8 

14.6 

6 

(I)  94/TNT  6 

+11.1 

0.97 

8470/1.846 

10.4 

36.2 

7 

(I)  57/HMX  43 

0 

* 

8710/1.846 

12.8 

12.8 

*  cf  -  (I),  1.21  /kM,  by  Disc  Centrifuger 
-  HMX,  10  n M,  by  Microscope 
cT  -  Serial  No.  1,5  and  6  all  by  Microscope 


TABLE  8 

Relationship  of  R%  with  Particle  Size 
/L=0.10/zM) 


d 

0.2 

0.3 

0.5 

1.0 

3.0 

5.0 

10 

30 

R% 

100 

96.3 

78.4 

48.8 

18.7 

11.5 

5.9 

2.0 

It  is  worth  pointing  out  that  some  in¬ 
vestigators  only  take  notice  of  the  particle  size 
of  positive  OB  explosive  or  oxidizer  and  neglect 
the  particle  size  of  other  components.  This  is  not 
suitable  in  studying  H.C.X. 

SUMMARY 

The  mechanism  of  detonation  reaction  in 
heterogeneous  composite  explosive  is  suggested 
and  some  experiments  are  designed  in  order  to 
verify  the  mechanism.  The  reacted  percentage 
and  the  thickness  of  diffusion  layer  in  detona¬ 
tion  region  of  some  systems  composed  of 
bis(trinitroethyl)nitramine  and  TNT,  TATB  or 
HMX  are  calculated. 
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APPENDIX 

Nitrogen  Equivalent  Equation  and  Calculation 
Method  of  R%. 

The  Nitrogen  Equivalent  Equation  is  as 
follows: 

D=(690+1160go)-lN  (A-l) 

IN=_MLlXiNi  (A-2) 

M 

where 

D  -  Detonation  velocity,  in/s 
q0  -  Charge  density,  g/cm3 
M  -  The  weight  of  reactants,  g 
X;  -  Gram  mol  numbers  of  i  product 
N  j  -  Nitrogen  Equivalent  coefficient  of  i 
product 

The  Nitrogen  Equivalent  coefficients  are 
shown  in  Table  A-l. 


TABLE  A-l 
The  Value  of  fVt- 


product 

H20 

CO 

C02 

C 

02 

n2 

Ni 

0.54 

0.78 

1.35 

0.15 

0.5 

1 

Calculation  of  R%. 

a  Calculate  IN;  of  single  explosives  by  (A-2). 

Substitute  measured  D  into  (A-l)  to  obtain 

*Nto. 

Let  AN^ZNta-IN,  (A-31 

b.  Substitute  measured  D  of  H.C.X.  into 
(A-l)  to  obtain  lNHCXm. 

c.  Suppose  the  components  of  H.C.X.  are 
unreacted  in  detonation  region  to  obtain  XN0 
from  (A-2). 


d.  Suppose  the  components  of  H.C.X.  react 
completely  in  detonation  region,  from  (A-2)  ob¬ 
tain  IN100. 


e.  Let  ZN0c=::lN0+ZPi(ANi), 

(A-4) 

iNjoo^lNjoo+lPjjANj), 

(A-5) 

f  R%—  100(Snhcxm-2NOc) 

(A-6) 

^•^IOOc  -^Oc 


Because  the  plot  of  R%  against  IN  is  a  very 
fine  straight  line,  thus  the  calculation  of  R%  can 
be  simplified  as  (A-6). 

PpPercentage  of  i  component. 


The  rule  decided  products  is  that  the  oxygen 
in  explosive  molecule  first  react  with  hydrogen 
to  form  H20,  then  with  carbon  to  form  CO, 
then  with  CO  to  form  C02.  If  oxygen  is  insuf¬ 
ficient  to  transfer  all  carbon  into  CO,  remain¬ 
ing  carbon  exists  as  C.  If  all  fuels  are  oxidized 
completely,  oxygen  still  remains,  it  exists  as 
02.  All  nitrogens  contained  in  explosive 
molecule  exist  as  N2. 

Example  1. 

Calculate  D  of  TNT,  g0=i.59 

C7H5N306=2.5H20+3.5C0+3.5C+1.5N2 

IN  =  100(2. 5X0.54  +  3. 5X0.78  +  3. 5X0. 15 
+  1.5Xl)/227=2.686 

D =(690  + 1 1 60  X 1 .59)  X  2.686 =68 1 5  (m/s). 
Example  2. 

Calculate  D  of  (I),  g0= 1.885 

C4H,}Ng014=2H20+4C02+4N2+202 

IN= 100(2X0.54 +4X1.35+4Xl+2X0,5)/388 
=2.959 

D=(690+1160X1.885)X2.959=8512  (m/s). 


Example  3. 

Calculate  R%  of  (I)  57/HMX  47,  measured 
D=9046,  g0=1.883. 

From  (A-l),  (A-2)  and  (A-3),  the  relevant 
values  of  IN  are  obtained  respectively,  as 
shown  in  Table  A-2. 


TABLE  A-2 
Calculated  Value  of  IN 


Composition 
Wt.  % 

D  lQ0 

IN 

AN 

HMX 

8868/1.829 

3.135 

3.154 

0.019 

(I) 

8554/1.885 

2.959 

2.974 

0.015 

(I)  57  HMX  43 

9046/1.883 

— 

3.147 

- 

From  A-2  calculate  IN0  and  ZN100 

C4H4N80i4+C4H8Ns08=6H20+4C0+4C02 

+8N2+202 

IN0=  100(6X0.54+4X0.78+4X1.35+8X1+2 
X0.5)/684=3.035 


1016 


if 


l 


:4H4N80u+C4H8N808=6H20+8C02+8N2 

XN100=100(6X0.54+8X1.35+8X1)/6S4=3.222 

XN0  and  2N100  are  substituted  individually 
into  (A-4)  and  (A-5)  to  obtain  XNoc,  SN10oc- 

IN0C,  IN100C  and  ZNHCXm  are  substituted 
into  (A-6)  to  calculate  R%. 

IN0C=3. 035  +  0. 57X0. 015 +  0.43X0. 019 
=3.052 

lNiooC  =  3-222  +  0-57xo-015  +  0-43x0-019 
=  3.239 

R%=100(3.147— 3.052)/(3.239— 3.052)=50.8% 

DISCUSSION 

HAROLD  GRYTING,  Southwest  Research 
Institute 

BTNEN  was  characterized  by  the  NOL  in  the 
late  40’s  and  early  50's.  Several  years  later  we 
at  NWC,  China  Lake,  California,  reinvestigated 
it  in  mixtures,  some  of  which  on  impact  mea¬ 
surements  detonated  at  2  cm  at  which  point  we 
elected  to  halt  the  investigation. 

REPLY  BY  GUO  YUXIAN 

To  study  the  detonation  hehavior  is  the  prin¬ 
cipal  purpose  of  our  laboratory  for  investigating 
H.C.X.  Its  mechanical  shock  sensitivity  was  not 
studied  systematically,  but  very  high  sensitivi¬ 
ty  phenomenon  was  not  found  in  our  research 
systems. 

I  think  that  some  mixtures  composed  of  ox¬ 
ygen  rich  compounds  and  some  fuels  have  lower 
compatibility  which  is  one  of  the  causes  of 
lending  to  high  mechanical  shock.  The  measur¬ 
ing  values  of  mechanical  shock  not  only  depend 
on  the  characteristic  of  explosive  but  also  de¬ 
pend  on  the  particle  size,  crystal  form  and 
measuring  method.  Therefore,  it  sometimes  can¬ 
not  represent  the  actual  sensitivity  of  explosive. 

The  high  mechanical  shock  phenomenon  pro¬ 
posed  by  Dr.  H.  Gryting  is  worthy  of  note  in 
studying  H.C.X. 

DISCUSSION 

DR.  ALLAN  W  KING,  Space  Research  Cor¬ 
poration,  Brussels,  Ealgium 

1)  What  methods  are  used  to  ensure  adequate 
mixing  of  your  very  sensitive  oxygen  rich  com¬ 
ponent  (nitramine  derivative)  with  any  of  the 


other  solid  explosives  such  as  TNT,  HMX  or 
TATB  without  causing  accidental  initiation? 

2)  How  did  you  prepare  your  nitramine 
derivative? 

3)  What  would  be  the  effect  of  segregation 
upon  the  experimental  results? 

4)  How  can  you  ensure  adequate  mixing 
without  segregation? 

5)  Would  the  results  be  different  if  the  two 
components  were  dissolved  in  similar  solvents 
and  then  coprecipitated? 

REPLY  BY  GUO  YUXIAN 

A  method  to  grind  and  mix  the  components 
of  H.C.X.  has  been  developed  by  our  laboratory. 
It  is  more  simple  and  more  safe.  But  ive  still 
prepare  H.C.X.  in  segregation  to  ensure  against 
any  ,  cidents. 

To  dissolve  the  components  of  H.C.X.  in  sol¬ 
vent  then  to  coprecipitate  it  have  been  tested 
in  our  laboratory,  but  did  not  obtain  any  sat¬ 
isfactory  results.  Because  the  desired  results  of 
particle  size  and  distribution  were  not  achieved. 
I  think  that  it  would  be  one  of  the  methods  of 
H.C.X.  preparation,  if  study  it  in  detail. 
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COMPOSITE  EXPLOSIVES  FOR  METAL  ACCELERATION: 
THE  EFFECT  OF  DETONATION  TEMPERATURE  *  * 


Raymond  R.  McGuire  and  Milton  Finger 
Lawrence  Livermore  National  Laboratory 
Livermore,  California 


Our  previous  work  in  the  area  of  composite  explosives  (1,  2)  has  em¬ 
phasized  the  necessity  of  small  particle  size  and  intimate  contact  be¬ 
tween  fuel  and  oxidizer  in  obtaining  prompt  performance  from  fuel/ox¬ 
idizer  mixtures.  This  work  has  provided  a  basis  for  our  definition 
of  a  composite  explosive  as  "an  explosive  system  that  requires  the 
transport,  mixing  and  subsequent  reaction  of  the  initial  decomposi¬ 
tion  products  of  the  system  components  in  order  to  achieve  the 
predicted  detonation  performance.’’  In  this  paper  we  present  our 
general  working  model  and  experimental  evidence  demonstrating  the 
importance  of  detonation  temperature  in  achieving  performance  from 
composite  explosives  in  metal  acceleration  experiments. 


INTRODUCTION 

In  metal  acceleration  applications,  any 
momentum  that  is  not  delivered  to  the  metal 
wall  in  a  few  microseconds  of  detonation  prod¬ 
uct  expansion  is  not  in  fact,  delivered  to  the  wall 
at  all.  (The  exact  amount  of  time  available  for 
momentum  transfer  depends  on  such  things  as 
the  impedance  match  of  the  explosive  products 
and  the  metal  wall;  i.e.,  density,  sound  spaed, 
thickness,  and  the  tamping  of  the  explosive 
system.)  Composite  explosives  have  not 
generally  been  used  effectively  for  this  applica¬ 
tion  because  their  potential  energy  is  trans¬ 
formed  over  a  very  long  time  period,  i.e.,  10’s 
of  microseconds. 

Finger,  et  al.  (1)  have  shown  the  requirement 
for  minimal  particle  size  if  performance,  as 
measured  by  the  standard  cylinder  test,  is  to 
be  obtained.  This  show’s  the  limiting  effect  of 
mass  transport  in  composite  explosive  per- 


♦Work  performed  under  the  auspices  of  the  U.S. 
Department  of  Energy  by  the  Lawrence  Liver¬ 
more  National  Laboratory  under  Contract 
W-7405-Eng-48. 

#  This  work  was  supported,  in  part,  by  the  U.S. 
Naval  Surface  Weapons  Center,  White  Oak, 
Silver  Spring,  MD. 


formance.  In  a  series  of  detonation  calorimetry 
experiments  (2)  using  isotopically  labeled  ex¬ 
plosive,  we  have  shov/n  that  material  transport 
is  not  a  consideration  in  the  detonation  of  a 
monomolecular  nitroaliphatic  explosives. 
However,  it  is  a  severe  limitation  in  the  case  of 
amatol,  a  composite  explosive.  We  have  further 
substantiated  this  by  subsequent  experiments 
using  mixtures  of  detonable  high  explosives. 

MIXING  EXPERIMENTS 

Using  our  detonation  calorimetry  technique 
(3)  we  have  investigated  the  mixing  phenome¬ 
non  as  it  applies  to  a  composite  consisting  of 
two  self-detonating  explosives  (see  Figure  1).  In 
one  experiment,  Bitetrazole  (BTZ)  (C2H2N8),  an 
explosive  that  contains  no  oxygen,  was  in¬ 
timately  mixed  with  Hydrazinium  nitrate  (HN) 
(H5N303),  a  non-carbon  containing  explosive. 
Neither  of  the  individual  components  can  form 
carbon  oxides  as  detonation  products.  A  carbon 
monoxide  and  water  balanced  mixture  of  BTZ 
and  HN  was  pressed  without  binder  to  95%  of 
TMD  and  detonated.  The  experimental  product 
composition  showed  that  0.143  moles  of  carbon 
oxides  (per  mole  of  explosive)  were  formed  com¬ 
pared  to  0.302  expected.  This  amounts  to  ^47% 
of  the  theoretical  mixing.  We  used  the  TIGER 
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Fig.  1.  Explosives  used  in  detonation  calorimetry  mixing  experiments 


computer  code  with  a  revised  BKW  equation  of 
state  (BKWR)  (4)  that  has  been  calibrated  to  ac¬ 
curately  model  the  results  of  detonation 
calorimetry  to  obtain  the  theoretical  results. 

Similar  results  were  obtained  in  a  second  ex¬ 
periment  where  BTZ  was  mixed  with  Ben- 
zotrifuroxan  (BTF)  (C6N606).  Neither  of  these 
individual  components  can  form  water  as  a 
detonation  product.  In  this  case,  the  mixture 
was  50%  by  weight  of  each  component.  Again, 
experimental  results  show  that  only  46%  of  the 
theoretical  amount  of  water  is  formed. 


Fuol 
i  Halo  i 


OxFUUoi 
I  Flats  2 


Plod.  (F)  Piod  (0) 


Fig.  2.  Composite  explosives  working  hypoth¬ 
esis  basic  model 

THE  WORKING  MODEL 

We  have  adopted  a  working  hypothesis  (Fig.  2) 
for  a  composite  explosive.  Here  we  view  the 


separate  components,  i.e.,  fuel,  oxidizer,  etc.  as 
reacting  independently  to  their  separate  decom¬ 
position  products.  Whether  these  are  the  final 
decomposition  products  or  a  set  of  intermediate 
products  is  undefined.  This  initial  decomposition 
is  followed  by  a  transport  process  that  mixes  the 
individual  decomposition  products.  Then,  these 
products  react  with  each  other  to  produce  the 
expected  performance  of  the  composite  HE.  As¬ 
suming  that  the  decomposition  of  self  detonating 
materials  is  sufficiently  rapid,  the  previously 
cited  experiments  show  that  even  in  the  case  of 
a  reasonably  intimate  mixture  of  small  particles 
of  detonable  explosives,  the  transport  and  mix¬ 
ing  may  not  be  sufficiently  rapid  to  insure  ideal 
performance  in  cylinder  test  times  of  interest. 

THE  EFFECT  OF  DETONATION 
TEMPERATURE 

If  we  assume  that  the  transport  mechanism 
is  primarily  one  of  diffusion,  we  can  see  from  the 
governing  equation  that 

D=D0  (T/T0)n  (P„/P) 

(where  D  is  the  diffusion  constant  at  temper¬ 
ature  (T)  and  pressure  (P)  and  n~2)  the  time  one 
lias  to  obtain  the  energy  from  a  composite  ex¬ 
plosive  is  a  strong  function  of  the  detonation 
temperature.  We  have  explored  through  cylinder 
tests  the  effect  of  changing  the  temperature  of 
detonation  in  three  separate  composite  explosive 
systems: 

a.  The  system  HMX  -  TATB  -  BTF 
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TABLE  1 

RX-36  Formulations  to  Investigate  Effects  of  Detonation  Temperature 
and  Volume  of  Gaseous  Detonation  Products  on  Cylinder  Test  Performance 


Formulation 

Composition3 

HMX/TATB/BTF 

VCJb,c 

Tcjb-d 

/CJb 

ee 

g/cc 

%TMDe 

RX-36-AA 

1-1-1 

29.3 

3130 

3.07 

1.843 

96.4 

8.41 

RX-36-AB 

0-1-1 

26.7 

3130 

3.06 

1.855 

96.6 

8.15 

RX-36-AC 

4-1-1 

317 

3130 

3.09 

1.817 

95.3 

8.72 

RX-36-AD 

1-3-1 

29.2 

2775 

3.15 

1.829 

95.2 

8.04 

RX-36-AE 

1-0-1 

29.6 

3590 

2.98 

1.797 

94.5 

8.44 

RX-36-AF 

1-1-0 

31.6 

2750 

3.17 

1.840 

95.9 

8.30 

RX-36-AG 

1-1-3 

27.5 

3520 

2.98 

1.838 

96.3 

7.89 

a.  Ratio  of  moles  of  component  explosives. 

b.  Calculated  using  BKWR  Equation  of  state  of  TIGER  code  all  calculations  at  g=1.85. 

c.  Volume  of  gaseous  products  at  CJ  in  moles  of  gas  per  Kg  of  Explosive. 

d.  Detonation  temperature  in  °K. 

e  Density  and  %  TMD  of  pressings  used  in  cylinder  experiments, 
f.  Experimental  detonation  velocity  from  cylinder  tests  in  mm/ps. 


b.  The  system  TATB  -  Ammonium  Perchlorate 

(AP) 

c.  The  system  Tetranitromethane  -  Carbon 

THE  SYSTEM  HMX  -  TATB  -  BTF. 

We  have  devised  a  system  of  explosives  that 
allows  us  to  investigate  the  effect  of  detonation 
temperature  while  holding  other  parameters 
essentially  constant.  The  properties  of  this  sys¬ 
tem,  which  we  term  RX-36  (AA  to  AG)  are  sum¬ 
marized  in  Table  1.  By  choosing  the  proper  mole 
ratios  of  HMX,  BTF  and  TATB,  it  is  possible, 
theoretically,  to  hold  the  volume  and,  within 
limits,  the  nature  of  the  detonation  products 
essentially  constant  while  varying  the  detona¬ 
tion  temperature,  or  conversely,  to  maintain  a 
constant  detonation  temperature  while  varying 
the  gas  product  volume.  Since  the  densities  of 
the  three  components  are  very  similar,  the  effect 
of  density  variation  can  be  eliminated. 

The  cylinder  test  results  are  summarized  in 
Table  1  and  Figures  3-5.  These  results  clearly 
show  that  increasing  the  detonation  temperature 
gives  increased  cylinder  test  performance  even 
at  relatively  early  time,  i.e.,  small  expansion 
volumes,  and  far  outweighs  the  effect  of  product 
volume.  Figure  5  especially  shows  the  increased 
performance  with  increasing  temperature  even 


though  the  volume  of  gaseous  products  is  actu¬ 
ally  decreasing.  It  should  be  noted  that  the 
predicted  decrease  in  gamma  (y)  with  increasing 
detonation  temperature  is  shown  by  increasing 
positive  slope  of  the  cylinder  isentropes  as 
detonation  temperature  increases. 

While  we  did  not  perform  extensive  detonation 
calorimetry  testing  on  these  formulations,  we  did 
compare  the  products  obtained  experimentally 
with  those  predicted  using  a  BKWR  equation  of 
state  in  the  TIGER  (7)  code  for  two  of  the  for¬ 
mulations,  viz.  RX-36-AA  and  RX-36-AF.  The 
agreement  between  the  experimental  and 
predicted  products  was  quite  good. 

THE  SYSTEM  TATB  -  AMMONIUM 
PERCHLORATE. 

In  this  series  of  experiments  we  have  used  a 
formulation  of  TATB  and  ammonium  perchlor¬ 
ate  (AP)  balanced  to  CO.  The  AP  was  milled  and 
had  a  median  particle  diameter  of  7  microns  as 
measured  by  air  permeametry.  The  particle  size 
of  the  TATB  varied  in  different  experiments  be¬ 
tween  '’W  micron  and  ^45  micron  median  par¬ 
ticle  diameter.  The  temperature  of  the  detona¬ 
tion  was  increased  in  one  case  by  adding  four 
percent  (4  w%)  of  the  high  temperature  explosive 
benzotrifuroxan  (BTF)  and  in  the  second  case  by 
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Fig.  3.  Cylinder  Test  Performance:  Temperature  at  CJ  (T)  ^  Constant, 

Gas  Volume  at  CJ  (V)  Increasing 


RX-J6-AE 


Fig.  4.  Cylinder  Test  Performance:  Gas  Volume  at  CJ  (V)  ^  Constant, 

Temperature  at  CJ  (T)  Increasing 
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Fig.  5.  Cylinder  Test  Performance:  Temperature  at  CJ  (T)  Increasing, 

Gas  Volume  at  CJ  (V)  Decreasing 


adding  four  percent  of  5  micron  aluminum 
powder.  The  results  are  shown  in  Figure  6.  Here 
we  see  that  the  use  of  AP  with  standard  parti¬ 
cle  size  TATB  in  fact  lowered  the  performance 
as  compared  to  TATB  alone.  The  same  formula¬ 
tion  using  milled  TATB  (7  pm)  is  essentially 
equivalent  to  TATB  itself.  However,  the  addi¬ 
tion  of  4%  BTF  greatly  increased  the  perfor¬ 
mance  of  this  TATB/AP  composite.  The  addition 
of  4  w%  aluminum  powder  likewise  increased  the 
cylinder  test  performance,  although  not  as  much 
at  low  expansion  as  the  BTF.  It  is  interesting 
to  note  the  lower  gamma  of  the  system  with  the 
BTF  added  and  especially  of  the  aluminized  com¬ 
posite.  These  indicate  much  higher  temperatures 
than  the  parent  TATB/AP  composite. 

THE  SYSTEM  TNM  -  CARBON 

The  third  system  we  investigated  uses 
tetranitromethane  (TNM)  as  a  liquid  oxidizer  for 
the  fuel,  carbon.  The  carbon  used  was  graphite 
of  high  purity  (99.99+)  (6)  having  no  particles 
greater  than  44  pm.  It  was  formulated  to  C02 


balance  with  TNM  and  gelled  with  an  expanded 
silica  (Cab-O-Sil).  Figure  7  gives  the  results  of 
these  experiments. 

We  used  the  TIGER  code  to  calculate  the 
cylinder  test  performance  of  the  formulation  in 
one  case  with  the  carbon  fully  reacting  and  in 
the  second  case  with  the  carbon  as  an  inert  solid. 
The  experimental  result  lies  between  these  two 
bounds,  on  the  lower  side  but  with  slightly  bet¬ 
ter  performance  than  TNM  alone,  which  experi¬ 
mental  result  is  also  shown.  In  order  to  increase 
the  detonation  temperature,  we  lowered  the  den¬ 
sity  to  about  91%  of  theoretical  by  adding 
microballoons. 

This  increased  the  performance  by  about  5% 
over  the  higher  density  TNM/C  formulation.  An 
even  greater  increase  in  cylinder  performance 
was  obtained  by  adding  about  8  w%  aluminum 
powder  (5pm)  and  adjusting  the  TNM/Carbon 
ratio  to  maintain  C02  balance.  However  it  is  ob¬ 
vious  from  Figure  7  that  the  performance, 
though  improved,  is  still  far  below  that  which 
is  theoretically  obtainable. 
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Fig.  6.  Raising  the  detonation  temperature,  increases  the  performance,  TATB/AP  at 
CO  balance 


Fig.  7.  Raising  the  temperature  of  detonation  increases  the  reactivity  of  solid  carbon  in 
a  TNM-carbon  system 


CONCLUSIONS 

We  have  shown  experimentally  that  in  com¬ 
posite  explosives  using  carbonaceous  fuels  (i.e., 
C,  TATB,  etc.)  increasing  the  temperature  of  the 
detonation  is  a  key  element  in  increasing  the 
delivered  energy  at  low  expansion  volumes  in 
the  divergent  geometry  of  the  cylinder  test. 
However,  as  we  have  shown  previously,  decreas¬ 
ing  the  particle  size  of  the  solid  components  is 
another  key  element.  Certainly  a  combination 
of  small  particle  size  FMpm)  and  high  detona¬ 
tion  temperature  is  required  if  anything  near 
the  theoretical  performance  is  to  be  obtained  in 
cylinder  type  geometries. 

We  would  further  contend,  that  because  of  the 
divergent  nature  of  the  hydrodynamic  flow, 
inter-molecular  chemistry  effectively  ceases  at 
the  sonic  plane  and  that  the  nature  of  the  isen- 
trope  (y)  is  set  by  the  state  of  the  products  at 
that  point.  Thus,  the  “chemistry”  occurring 
during  the  cylinder  expansion  is  intra¬ 
molecular,  i.e.,  bond  scission  and  relaxation 
processes. 

This  may  well  not  be  true  of  other  geometries 
or  of  piston  driven  detonation.  Thus,  the  per¬ 
formance  obtained  from  a  composite  explosive 
will  be,  among  other  things,  highly  geometry 
and  system  dependent. 
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DISCUSSION 

INDU  B.  MISHRA,  Kanam  Associates, 
Northridge,  CA 

This  is  an  interesting  paper  and  looks  like  we 
are  scratching  the  surface  of  non-ideal  or  inter- 
molecular  composite  explosives.  Did  you  try 
ultrafine  high  density  diamond  —  for  UF  dia¬ 
mond  is  reasonably  cheap. 

REPLY  BY  M.  FINGER 

In  the  past  we  have  tried  fine  particle  dia¬ 
mond  that  was  produced  by  either  a  shock  for¬ 
mation  process,  or  was  available  as  “diamond 
dust.”  We  found  that  carbon-graphite  was 
seemingly  more  reactive  than  carbon-diamond. 
However,  these  experiments  were  done  in  an  ox¬ 
idizer  system  different  from  TNM. 


1024 


A  MODEL  SOLUTION  FOR  NONIDEAL 
ONE-DIMENSIONAL  DETONATION  WAVES 


M.  Cowperthwaite 
SRI  International 
Menlo  Park,  California  94025 


A  model  solution  for  nonideal  detonation  propagating  at  constant 
velocity  with  the  liberation  of  chemical  energy  behind  the  wave  front 
was  constructed  to  demonstrate  that  the  one-dimensional  equations 
of  motion  admit  this  type  of  flow.  In  this  construction,  a  similarity 
solution  for  a  reactive  Taylor  wave  was  formulated  and  incorporated 
into  the  classical  solution  for  an  ideal,  unsupported  detonation  wave. 
When  the  polytropic  index  is  specified,  this  similarity  solution  con¬ 
tains  three  parameters  that  are  constrained  by  two  relationships  im¬ 
posed  by  boundary  conditions  at  the  front  and  the  end  of  the  unsteady 
reaction  zone.  These  relationships  and  the  restrictions  they  impose 
on  the  energy  release  rate  are  discussed  to  demonstrate  properties 
of  this  type  of  nonideal  detonation,  and  flow  fields  of  particular  solu¬ 
tions  are  presented  to  demonstrate  the  influence  of  chemical  reac¬ 
tion  on  shock-induced,  expanding ,  unsteady,  hydrodynamic  flow. 


INTRODUCTION 

In  this  paper,  we  address  the  problem  of  one¬ 
dimensional,  detonation  propagating  at  con¬ 
stant  velocity  with  liberation  of  chemical  energy 
in  the  unsteady  release  wave  behind  the  wave 
front.  Such  a  detonation  is  called  nonideal 
because  not  all  the  chemical  energy  liberated  is 
used  to  support  the  propagation  of  the  wave. 

The  present  work  on  this  reactive  flow  prob¬ 
lem  was  undertaken  because: 

•  An  understanding  of  the  problem  is  im¬ 
portant  for  formulating  treatments  of 
detonation  in  composite  explosives. 

•  A  previous  theoretical  approach  to  the  prob¬ 
lem  (1)  concluded  that  a  constant  velocity 
detonation  with  liberation  of  chemical 
energy  behind  the  wave  front  is  unstable. 

•  Models  used  in  numerical  codes  (2)  to  treat 
liberation  of  chemical  energy  behind  the 
wave  front  are  physically  unrealistic. 

Our  approach  to  the  problem  was  to  construct 
a  model  solution  for  such  a  nonideal  detonation 
wave  and  thereby  demonstrate  that  the  equa¬ 


tions  of  motion  admit  this  type  of  reactive  flow. 
This  model  solution  demonstrates  properties  of 
reactive  release  waves  and  provides  guidelines 
for  modeling  the  nonideal  detonation  process  in 
composite  explosives  containing  components 
with  markedly  different  reaction  rates  (3). 

Our  approach  was  based  on  the  idea  that  the 
classical  solution  for  an  ideal  unsupported 
detonation  wave  (4,  5)  can  be  extended  to  in¬ 
clude  a  solution  for  a  reactive  Taylor  wave.  We 
accordingly  constructed  a  model  solution  for 
nonideal  detonation  by  patching  together  solu¬ 
tions  for  three  different  types  of  flow,  the  first 
a  reactive  discontinuity  or  a  steady-state  reac¬ 
tion  zone,  the  second  a  reactive  Taylor  wave, 
and  the  third  a  nonreactive  rarefaction  fan. 

CONSTRUCTION  OF  SOLUTION 

For  the  sake  of  tractability,  we  assume  that 
the  shock-induced  flow  is  adiabatic  and  inviscid 
and  that  the  explosive  and  its  reaction  products 
are  governed  by  polytropic  equations  of  state 
with  the  same  polytropic  index.  We  let  t.  h.  D, 
u,  v.  p,  c,  x,  and  A  denote  time,  Lagrange 
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distance,  detonation  velocity,  particle  velocity, 
specific  volume,  pressure,  sound  speed,  poly- 
tropic  index,  and  extent  of  reaction,  respective¬ 
ly,  and  we  let  the  subscript  o  denote  the  initial 
condition.  Then  our  solution  for  nonideal  det¬ 
onation  can  be  constructed  from  the  solutions 
for  the  three  different  types  of  flow  as  follows. 

(1)  Solution  for  the  Wave  Front.  The  wave  front 
can  be  readily  treated  as  a  Zeldovich-von 
Neumann-Doering  wave,  but  for  the  sake  of 
simplicity  we  assume  that  the  reaction  time  of 
the  reaction  supporting  wave  propagation  is 
zero.  In  this  case,  the  flow  at  the  wave  front  is 
treated  as  a  reactive  discontinuity  that  is 
governed  by  the  Rankine-Hugoniot  jump  con¬ 
ditions  and  satisfies  the  Chapman-Jouguet  (cj) 
condition  D=  ucj  +  ccj.  The  cj  parameters  are 
related  by  the  equations  vcj  =  x  v0/( x  +  1),  ccj 
=  x  uCj  =  xD/(x+l),  and  because  of  the 
polytropic  assumptions,  the  detonation  veloci¬ 
ty  is  related  to  the  energy  liberated  in  the 
discontinuity  (Qcj)  by  the  equation  D2  = 
2(x2— l)Qcj. 

(2)  Similarity  Solution  for  the  Reactive  Taylor 
Wave.  When  conditions  at  the  shock  front  are 
constant  as  in  the  present  case,  it  follows  from 
a  previous  paper  (6)  that  we  can  write  the 
similarity  solution  as 

u  =  ucjU  (4) 

v  =  vCJV  <4) 

P  =  Pcj  P  (1} 

A  =  A  (4) 

in  terms  of  the  similarity  parameter 


,  _  h  /  0  +  1 
4  it  a  +  1 


with  4*  <  4  <  1.  These  equations  are  written  so 
that,  ft  I  a  —  D,  that  4  =  1  at  the  wave  front 
where  U(l)  =  V(l)  =  P(l)  =  1  and  A(l)  =  0,  and 
that  4  =  4*  at  the  end  of  the  reaction  zone  where 
A  =  A(4*)  =  1.  Equations  (1).  (2),  and  the  cj  rela¬ 
tionships  allow  us  to  rewrite  the  flow  equations 
as 

=  -K  t  (3) 

d|  K  4  d4 

^  =  4^=-x42^  <4) 


ip_£2yj  +  1)Q  dA  (5) 

d|  2x2Qcj  d| 

where  Q  is  the  heat  liberated  by  the  reaction 
along  a  particle  path  in  the  rarefaction  wave. 

It  is  convenient  for  formulating  a  solution  to 
introduce  the  variable 

F  (4)  =  P  -  |2  V  (6) 

and  express  the  conservation  of  mass  and 
momentum  by  the  following  equation  relating 
V  and  F:  ^ 

dV  (4)*+1  =  (4)  ~  X+1  dF 
d|  (x  +  1)  d4  '  ; 

Equation  (7)  is  obtained  by  eliminating  dP/d| 
between  Eq.  (4)  and  the  differential  equation  ob¬ 
tained  by  differentiating  Eq.  (6).  The  function 
F(4)  is  restricted  by  boundary  conditions  at  the 
wave  front  and  the  end  of  the  reaction  zone.  It 
follows  from  Eq.  (6)  that  F(|)  =  0  at  the  wave 
front  where  4  =  1  because  P(l)  =  V(l)  =  1,  and 
it  follows  from  Eqs.  (5)  and  (6j  that  F(£)  =  0  at 
the  end  of  the  reactive  Taylor  wave  where  4  = 
4*  because  dA/d4  =  0  but  dV/d4  =A  0.  A  solution 
to  Eqs.  (3)  through  (5)  can  be  constructed  when 
a  functional  form  for  F(4)  is  known  as  follows. 
Equation  (7)  is  first  integrated  to  obtain  an  ex¬ 
pression  for  V(4),  and  this  expression  is  then  dif¬ 
ferentiated  to  obtain  the  corresponding  expres¬ 
sion  for  dV/di  Equations  (3),  (4),  and  (5)  are  then 
integrated  to  generate  the  corresponding  ex¬ 
pressions  for  U,  P  and  A. 

The  model  similarity  solution  in  this  paper  is 
based  on  the  simplest  expression  for  F(4), 

F  =  A(l-4)  (4-4*)  (8) 

that  satisfies  the  boundary  conditions  F(l)  = 
F(4*l  =  0.  In  this  case,  integrating  Eq.  (7)  gives 
the  following  expression  for  V, 

V  =  A  +  B  (4)-1  +  C  (4)  X+1  (9) 

where  B  =  /  (x~  1)  and  C  =  1— A 

(x+4*)  /  (x-1),  and  the  corresponding  expres¬ 
sions  for  U,  P,  and  A  are  obtained  by  integrating 
Eqs.  (3),  (4),  and  (5)  as 

2Cx  ili 

U  =  l+x  B  In  4  -f-  (  (4)  X+1  -1  )  (10) 
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2x 

P=1  +  xB  (4-1)  +  C  (  (4)  -  1 )  (11) 


RA  =  -AB[  (1-4)  (l+4*/4) 
+  (1  +  4*)  In  4]  2 

+  AC[4*(l-(4)  X+1 

+  2  <1+^>  (1 — (4)  “+1  ) 
(K-l) 

2* 

-  ~  (  1 — (4) x+1)  ] 


(12) 


in  terms  of  the  similarity  parameter 

n  = - — P—  0  4  n  <  1  (16) 

4*  (t la  -  4) 

)( 

with  4  =  (1-4*)  /  4*-  These  equations  are  writ¬ 
ten  so  that  U^l)  =  VjU)  =  Px(l)  =  1.  In¬ 
tegrating  the  differential  equations  obtained  by 
rewriting  the  flow  equations  with  Eqs.  (15)  and 
(16)  leads  to  the  following  expressions  for  u,  v, 
and  p  in  the  fan: 


X  — 1 

u=ucjU(4*)+  2k  ucj  -Piifi  [r,K+1  -1] 
(*  -  1)  ** 


(17) 


with  R  =  (x+l)Q/2x2Qcj. 

When  x  is  specified,  this  similarity  solution 
contains  three  parameters,  A,  4*.  and  Q/Qcj, 
whose  values  define  a  particular  solution.  These 
values  cannot  be  specified  arbitrarily,  however, 
because  they  are  constrained  by  the  following 
relationships  determined  by  conditions  at  the 
wave  front  and  the  end  of  the  reaction  zone: 

A(l— 4*}«2  (13) 

(x+1)Q  =  —  AB|2  (1-4*) 

2x2Qcj 

+  (1+4*)  In  4*  ] 

2x 

+  AC  -te±lL  {  [l-(4*)  ~l 
x(x~l) 

2x 

+  x4*(i-(4*)  *  +  1]}  (14) 

Equation  (13)  is  obtained  by  subjecting  Eq.  (9) 
to  the  condition  that  dV/d  4  <  0  when  4  =  1,  and 
Eq.  (14)  is  obtained  by  subjecting  Eq.  (12)  to  the 
condition  that  A(4*)  =  1  when  dA/d4  =  0  and  4 
=  4*.  Values  of  A,  4*.  and  Q/Q^j,  compatible 
with  Eqs.  (13)  and  (14)  must  therefore  be  chosen 
before  we  can  calculate  the  flow  fields  for  a  par¬ 
ticular  solution. 

(3)  Solution  for  the  Nonreactive  Rarefaction 
Fan.  The  solution  for  the  rarefaction  fan  adja¬ 
cent  to  the  reactive  Taylor  wave  is  written  as 

u  =  ucjU  (4*)U,  (rj) 

v  =  vCJV  (4*)V j  (q)  (15) 

p  =  pcjP  (4*)P,  <q) 


2 


v  =  vcjV  (4*)  q  11+1 

(18) 

2x 

p  =  pcjP  (4*)  n  1+1 

(19) 

We  have  constructed  a  model  solution  for  one¬ 
dimensional  detonation  with  liberation  of 
chemical  energy  behind  the  wave  front.  Proper¬ 
ties  of  this  solution  and  properties  of  the  flows 
fields  of  particular  solutions  will  now  be  dis¬ 
cussed  to  demonstrate  significant  features  of 
this  type  of  reactive  flow. 

PROPERTIES  OF  THE  MODEL 
SOLUTION 

The  first  property  to  note  is  that  our  model 
solution  for  nonideal  detonation  reduces  to  the 
classical  solution  for  a  nonreaciive  rarefaction 
wave  behind  a  reactive  discontinuity  when  we 
set  3 A/3 1  =  3A/34  =  0.  That  this  is  the  case, 
can  be  seen  by  setting  A  =  B  =  0  and  C  =  1 
in  Eqs.  (9),  (10),  (11),  and  (12).  Furthermore, 
when  A=0  and  4*  =  1.  Eqs.  (15)  through  (19) 
reduce  to  the  classical  solution  for  the  Taylor 
wave.  Another  interesting  property  of  the  solu¬ 
tion  follows  from  the  fact  that  it  is  a  similarity 
solution.  Because  (3p/3h)u  =  (3v/3h)u  ==  0,  the 
flow  of  all  the  particles  entering  the  wave  is 
represented  by  a  single  path  in  the  (p-u)  plane 
and  by  a  single  path  in  the  (p-v)  plane.  For  this 
reason  we  call  our  nonideal  detonation  an  ideal 
nonideal  detonation. 

Other  significant  features  of  our  solution 
follow  from  the  relationships  among  the 
parameters  4*.  A,  and  Q/Qcj,  defined  by  Eqs. 
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(13)  and  (14).  A  consideration  of  these  relation¬ 
ships  when  x  is  specified  leads  to  the  conclusion 
that  there  is  a  maximum  value  of  A,  (A{|*)],  and 
a  maximum  value  of  Q/Qh  [Q(4*)/Qcj]  associated 
with  a  given  value  of  4*.  Thus,  A  and  Q/Qcj  are 
functions  of  4*  that  are  constrained  to  satisfy 
the  conditions  0  <  A  <  A(4*)  and  0  <  Q/QCj  < 
Q(4*)  /  Q  -.  In  addition,  the  values  of  A(4*)  and 
0(4*)/Q  c:  increase  as  the  value  of  4*  decreases. 
Thus,  tne  amount  of  energy  that  can  be 
liberated  '  a  particle  path  in  our  reactive 
Taylor  wav .  o  limited  by  the  value  of  4*,  and 
along  a  particular  particle  path  more  energy  can 
be  liberated  if  the  liberation  time  is  longer. 
Equations  (13)  and  (14)  were  used  to  quantify 
this  behavior,  when  x=3,  as  follows.  First,  these 
equations  were  rewritten  as 

A  (4*)  = - ? - 

(  1  -  4*  )  (20) 

and 

QJp  =  -  A  Az[(l  +  4*)2  In  4* 

Qcj  4 

+  2(1-  (4*)*  ) 

+  2/3  (3  +  4*)  (1-  (4*)  '•  )  3  | 

+  3  A  (  (1-  (4*)  '»)  |  (21) 

and  values  of  4*  were  chosen  in  the  range  0.3 
<  4*  <  0.8  because  the  first  term  on  the  right- 
hand  side  of  Eq.  (21)  is  essentially  zero  when  4* 
=  0.9  and  is  positive  when  4*  <  0.9.  Then  Eq. 
(20)  was  used  to  calculate  the  value  of  A(4*)  for 
a  given  value  of  4*.  and  Eq.  (21)  was  used  to 
calculate  the  corresponding  value  of  Q(4*)  /  Qcj. 
The  results  of  these  calculations  for  x  =  3  are 
given  in  Table  1.  Examination  of  these  results 
shows  that  a  particle  can  liberate  the  same 
amount  of  energy  in  the  reactive  rarefaction  as 
in  the  wave  front  when  4*  =  0.3  and  can  liberate 
a  significant  fraction  of  the  energy  liberated  in 
the  wave  front  when  4*  ~  0.5. 

Particular  solutions  with  x=3  will  now  be 
used  to  demonstrate  more  detailed  properties 
of  our  model  nonideal  detonation.  It  is  conve¬ 
nient  to  denote  a  particular  solution  by  the 
values  of  the  set  of  parameters  (x,  4*,  A,  Q/QCJ) 
and  the  corresponding  ideal  solution  by  the  set 
(x,  4*  =  1,  A  =  0).  We  first  consider  the 


TABLE  1 

Values  of  4*  A  (k*),  and  Q®  /Qcj 
for  model  nonideal  detonations  with  x—  3 


1* 

A  (4*) 

Q  (1*)  /  QCj 

0.8 

10.00 

0.036 

0.7 

6.67 

0.091 

0.6 

5.00 

0.185 

0.5 

4.00 

0.336 

0.4 

3.34 

0.580 

0.3 

2.86 

1.000 

solution  (x=3, 4*=  0.5,  A  =  3.05,  Q/Qcj=0.25). 
Nondimensional  pressure  (p/pcj)  versus  non- 
dimensional  distance  (hip)  profiles  for  this 
nonideal  detonation  and  the  corresponding  ideal 
detonation  are  shown  in  Fig.  1.  The  flow  in  the 
nonideal  detonation  is  represented  by  RDZIO 
and  the  flow  in  the  ideal  detonation  by  RDIO. 
In  both  cases,  RD  represents  the  reactive 
discontinuity  at  the  wave  front.  In  the  nonideal 
detonation,  DZ  represents  the  reactive,  nonisen- 
tropic,  expansile  flov',  and  ZIO  represents  the 
ensuing  isentropic,  expansile  flow.  In  the  ideal 
detonation,  DIO  represents  the  isentropic,  ex¬ 
pansile  Row  behind  the  wave  front.  The  in¬ 
fluence  of  the  exothermic  reaction  on  the 
pressure  field  is  clearly  seen  by  comparing  the 
profiles  RDZIO  and  RDIO.  At  a  given  time,  t la, 
the  pressure  at  a  given  point,  hip,  in  the  region 
0  <  hip  <  t la,  is  higher  in  the  nonideal  detona¬ 
tion  than  in  the  ideal  detonation.  Furthermore, 
the  second  derivative  of  p  with  respect  to  h  is 
negative,  (32p/0h2)  t  <  0,  where  the  flow  is  reac¬ 
tive.  but  is  positive,  (32p/9h2)t  >  0,  where  it  is 
nonreactive.  There  is  a  discontinuity  in  (3p/dh)t 
at  the  end  of  the  reaction  zone  DZ  where  4  = 
4*  and  the  flow  becomes  isentropic.  Thus,  the 
end  of  the  reaction  zone  lies  on  a  characteristic 
in  the  (t-h)  plane.  It  also  follows  from  the  rela¬ 
tionship  -v02(d2p/dh2)t  =  (32v/Dt2)h,  derived 
from  the  flow  equations,  that  (32v/3t\  >  0 
where  the  flow  is  reactive  but  that  (32v/3t2)h 
<  0  where  it  is  nonreactive. 

Figure  2  shows  nondimensional  particle 
velocity  (u/uCJ)  versus  nondimensional  distance 
(h ip)  profiles  corresponding  to  the  pressure  pro¬ 
files  presented  in  Fig.  1  for  the  solution  (4*  = 
0.5,  A  =  3.05,  Q/QCJ  =  0.25).  However,  in  con¬ 
trast  to  Fig.  1,  only  the  particle  velocity 
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Fig.  1.  Nondimensional  pressure  ( p/pc :)  versus 
nondimensional  distance  ( liJfi )  profiles  for  a 
nonideal  detonation  and  the  corresponding  ideal 
detonation  at  the  nondimensional  times  tJa  — 
4,  8  and  12 

profile  at  t la  =  12  is  given  for  the  ideal  detona¬ 
tion.  Here  again,  RD  represents  the  reactive 
viscontinuity,  DZ  and  ZION  represent  the  reac¬ 
tive  and  nonreactive  portions  of  the  release 
wave  in  the  nonideal  detonation,  and  DIOC 
represents  the  nonreactive  release  wave  in  the 
ideal  detonation.  Comparison  of  the  particle 
velocity  profiles  at  t la  =  12  shows  the  influence 
of  reaction  on  the  particle  velocity  field.  In  the 
region  where  the  particle  velocities  are  positive, 
the  particle  velocity  is  higher  in  the  nonideal 
detonation  than  in  the  ideal  detonation;  in  most 
of  the  region  where  the  particle  velocities  are 
negative,  the  particle  velocity  is  lower  in  the 
nonideal  detonation  than  in  the  ideal  detona¬ 
tion.  The  chemical  energy  liberated  in  the 
nonideal  wave  lowers  the  free  surface  velocity 
from  a  value  of  u=  —2.0  uCJ  at  OC  to  a  value  of 
u=-2.18  uc,  at  ON. 

Our  consideration  of  the  solution  (x=3, 
^*=0.5.  A =3.05,  Q/QCJ=0.25)  ends  with  the 
representation  of  the  flow  in  the  nondimensional 
(p/Pq)  versus  (v/vt;J)  plane  shown  in  Fig.  3.  In 
this  plane,  a  particle  path  in  the  nonideal  det¬ 
onation  is  represented  by  RDZIN,  and  a  par- 
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Fig.  2.  Nondimensional  particle  velocity  (u/ucj) 
versus  nondimensional  distance  (h/fi)  for  a 
nonideal  detonation  at  the  nondimensional 
times  tJa  —  4,8, 12,  and  fora  corresponding  ideal 
detonation  at  the  nondimensional  time  t/a  =  12 


Fig.  3.  Nondimensional  pressure  (p/pCJ)  versus 
nondimensional  specific  volume  (v/vcj) 
Lagrange  profiles  for  several  nonideal  detona¬ 
tions  and  the  corresponding  ideal  detonation 
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tide  path  in  the  corresponding  ideal  detonation 
is  represented  by  RDIC.  For  convenience,  we  con¬ 
sider  the  ideal  detonation  before  the  nonideal 
detonation.  A  particle  entering  the  ideal  wave  is 
first  compressed  in  the  reactive  discontinuity  to 
the  cj  point  D  along  the  Rayleigh  line  RD.  It  then 
expands  along  DIC,  the  isentrope  passing 
through  the  cj  point.  The  Rayleigh  line  RD  and 
the  isentrope  DIC  are  tangent  at  D  because  the 
flow  is  sonic  at  the  cj  point.  A  particle  entering 
the  nonideal  wave  is  first  compressed  along  the 
Rayleigh  line  RD  to  the  cj  point  D.  It  then  ex¬ 
pands  nonisentropically  along  DZ  until  the  reac¬ 
tion  terminates  and  the  flow  becomes  isentropic 
at  Z;  thereafter  it  expands  along  ZIN,  the  isen¬ 
trope  passing  through  Z.  RD  and  DZIN  are 
tangent  at  D  because  of  the  sonic  condition  at  the 
cj  point,  and  DZ  and  ZIN  are  tangent  at  Z 
because  the  flow  becomes  isentropic  there. 

For  comparison,  other  nonideal  detonation 
waves  with  maximum  values  of  A  and  Q/Qcj  for 
given  values  of  |*  are  also  represented  in  Fig.  3. 
The  nonideal  detonation  with  the  maximum 
values  of  A  and  Q/Qq  for  £*=0.5,  (x=3.0, |*=0.5, 
A =4.0,  Q/Qq=0.3358)  is  represented  by  RDZIN. 
A  particle  entering  the  wave  is  compressed  along 
RD;  it  then  expands  nonisentropically  along  DZ 
and  isentropically  along  ZIN.  The  nonideal 
detonation  x=3,  |*=0.3,  A=2.8571,  Q/Qcj  = 
0.9995)  with  the  same  amount  of  energy  liberated 
along  a  particle  path  in  the  release  wave  as  in  the 
reactive  discontinuity  is  shown  as  RDZ/l.  In  this 
wave,  a  particle  is  first  compressed  along  RD;  it 
then  expands  nonisentropically  along  DZ  and 
isentropically  along  Z 'I.  The  isentrope  through 
is  shown  as  121. 

CONCLUSIONS 

A  model  solution  for  nonideal  detonation  pro¬ 
pagating  at  constant  velocity  with  liberation  of 
chemical  energy  behind  the  wave  front  was  con¬ 
structed  to  demonstrate  that  the  equations  of  mo¬ 
tion  admit  this  type  of  reactive  flow.  Because  the 
solution  is  a  similarity  solution,  the  type  of 
detonation  it  describes  was  called  an  ideal  non¬ 
ideal  detonation.  Properties  of  the  solution  were 
discussed  to  demonstrate  significant  features  of 
this  type  of  nonideal  detonation.  The  solution  con¬ 
tains  four  parameters,  the  polytropic  index  x,  the 
reaction  parameter  A,  the  value  of  the  similarity 
parameter  where  the  reaction  terminates  in  the 
release  wave  |*.  and  the  ratio  of  the  energies 
liberated  along  a  particle  path  in  the  release  wave 


and  at  the  wave  front  Q/Qq.  A  particular  solution 
is  associated  with  a  set  of  values  of  these 
parameters.  The  value  of  x  can  be  prescribed  ar¬ 
bitrarily,  but  values  of  the  other  three  parameters 
cannot  because  they  are  constrained  by  relation¬ 
ships  imposed  by  the  boundary  conditions  at  the 
wave  front  and  the  end  of  the  reaction  zone.  Ex¬ 
amination  of  these  relationships,  when  x  is  spe¬ 
cified,  showed  that  the  parameters  A  and  Q/Qcj 
are  constrained  to  satisfy  the  conditions  0  <  A 
<  A(|*)  and  0  <  Q/Qc:  <  Q(| *)J  Qcj,  and  that  the 
maximum  .values  A(|*)  and  Q(|*)  /  increase 
as  the  values  of  |*  decrease. 


Properties  of  the  flow  fields  of  particular  non¬ 
ideal  detonations  with  x—3  and  properties  of  the 
corresponding  ideal  detonation  were  compared  to 
demonstrate  the  influence  of  exothermic  reaction 
on  expanding,  unsteady,  hydrodynamic  flow. 
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DISCUSSION 

YKIO  KATO,  Chemicals  &  Explosives  Lab. 
Nippon  Oil  and  Fats,  Co.,  Ltd. 

I  studied  the  detonation  waves  in  NM-A1  mix¬ 
tures,  and  I  observed  the  strong  increase  of 
temperature,  pressure  and  particle  velocity  in 
Taylor  wave.  In  this  mixture,  the  ratio  of  the  reac¬ 
tion  time  of  A1  particles  to  that  of  NM  is  greater 
than  10\  and  the  energy  liberated  in  Taylor  wave 
may  attain  20-30%  of  that  liberated  at  detona¬ 
tion  front.  It  think  that  the  detonation  waves  in 
NM-A1  mixtures  are  good  examples  of  the  reac¬ 
tive  Taylor  wave  model. 
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atures  of  Nitromethane  Aluminum  Gels,”  pp. 
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REPLY  BY 

MICHAEL  COWPERTHWAITE 

In  my  model  of  the  reactive  Taylor  wave,  the 
temperature  can  increase  in  the  wave  but  the 
pressure  and  particle  velocity  decrease.  It  would 
be  interesting  for  me  to  try  and  con*  truct  a  solu¬ 
tion  for  a  reactive  Taylor  wave  with  the  proper¬ 
ties  described  by  Dr.  Kato. 
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THE  INFLUENCE  OF  FORMULATION  VARIABLES  ON 
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Twelve  HMX-based  plastic  bonded  explosives  have  been  developed 
and  evaluated  in  a  small-scale  hazard  test,  to  gain  a  better  under¬ 
standing  of  the  factors  influencing  the  explosive  response  of  pressed 
charges. 

Experiments  are  described  which  have  attempted  to  distinguish 
between  the  effects  on  explosive  response  of  HMX  content,  initial 
HMX  particle  size,  the  type  of  binder  and  the  HE  mechanical  prop¬ 
erties.  The  explosive  response  was  measured  using  the  AWRE 
Laboratory  Scale  Explosiveness  Test  and  the  mechanical  properties 
were  measured  using  an  instrumented  drop-weight  apparatus. 

The  explosive  response  was  found  to  be  mainly  determined  by  the 
HMX  loading  and  particle  size,  with  smaller  contributions  being  due 
to  the  type  of  binder  and  the  HE  mechanical  properties. 


INTRODUCTION 

The  hazard  potential  of  a  confined  HE  charge 
subjected  to  mechanical  and  thermal  stimuli 
may  be  expressed  in  terms  of  both  its  explosive 
response  (explosiveness),  and  the  minimum 
stimulus  to  produce  an  explosive  event  (sen¬ 
sitiveness).  This  paper  describes  recent  work 
carried  out  to  identify  and  investigate  the  HE 
characteristics  which  determine  explosiveness. 
This  work  was  initiated  in  order  to  further  the 
development  of  HE  formulations  having  max¬ 
imum  power  consistent  with  safe  manufacture 
and  use.  The  development  at  AWRE  of  a  Lab¬ 
oratory  Scale  Explosiveness  Test  (LABSET)  (1), 
has  provided  a  quantitative  tool  with  which  to 
study  the  growth  of  reaction  in  HE  charges  sub¬ 
jected  to  transient  confinement  and  this  has 
been  used  extensively  in  the  present  work. 

Small  scale  experiments  on  three  series  of 
HMX/Polyurethane  formulations  were  de¬ 
scribed  at  the  7th  Symposium  (International)  on 
Detonation  (2).  The  mechanical  properties  of  for¬ 
mulations  within  each  series  were  varied  by 
changing  the  initial  particle  size  distributions 
of  the  HMX  crystals  and  by  changing  the  cross¬ 
link  density  of  the  binder  system.  However. 


since  changes  in  particle  size  may  have  a  direct 
influence  on  explosiveness  as  well  as  on 
mechanical  properties  it  was  difficult  to  assess 
the  relative  contributions  of  particle  size  and 
mechanical  properties  to  explosiveness. 

The  work  reported  here  was  intended  both  to 
complement  and  augment  the  previous  studies. 

A  matrix  of  twelve  new  formulations  was 
designed  with  the  following  objectives.  The  for¬ 
mulations  were  to: 

(a)  be  simple,  two  component  systems,  i.e. 
HMX  plus  a  single  component  binder,  to 
simplify  interpretation  of  the  results; 

(b)  allow  the  effect  of  changes  in  binder  type, 
HMX  volume  fraction  and  initial  HMX  par¬ 
ticle  size  on  hazard  response  and  mechan¬ 
ical  properties  to  be  studied  separately; 

(c)  display  a  wide  range  of  hazard  response  and 
mechanical  properties. 

The  results  of  mechanical  and  hazard  tests  on 
these  formulations  are  presented  and  the  in¬ 
fluence  of  formulation  variables  on  the  growth 
of  reaction  is  discussed. 
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2.  EXPERIMENTAL 

2.1  Compositions.  The  compositions  of  the 
selected  formulations  are  shown  in  Table  1.  This 
matrix  incorporates  the  following  variables: 

(i)  two  HMX  levels  '90.8  and  96.0  volume  %); 

(ii)  three  binders  (a  pelybutadiene  polyure¬ 
thane,  a  low  molecular  weight  polyethylene 
and  Viton  A,  a  copolymer  of  vinylidene 
fluoride  and  hexafluoropropylene);  and 

(iii)  two  HMX  particle  size  distributions 
(unimodal  micronized  powder  (Type  C)  and 
a  bimodal  distribution  of  coarse  (Type  A) 
and  Type  C  powder  in  the  ratio  65/35). 

2.2  HE  Materials. 

2.2.1.  HMX  Types.  Three  types  of  HMX  are 
considered  in  this  paper.  These  are  Type  A 
HMX,  which  is  produced  at  ROF  Bridgewater 
by  recrystallising  /1-HMX  from  cyclohexanone; 
TYpe  B  HMX,  which  is  produced  by  colloid  mill¬ 
ing  Type  A  HMX;  and  Type  C  HMX,  which  is 
produced  by  fluid  energy  milling  (micronizing) 
Type  A  HMX.  Type  A  HMX  has  a  size  range 
of  about  50-1000  pm,  with  a  median  diameter 
of  about  400  pm;  Type  B  HMX  has  a  bimodal 
size  distribution,  with  about  35  wt.  per  cent  in 
the  size  range  45-150  pm,  and  about  65  wt.  per 
cent  less  than  45  pm;  Type  C  HMX  has  a  uni¬ 
modal  distribution,  with  a  maximum  size  of 
about  40  pm,  and  a  median  diameter  of  about 
7  pm. 

Size  distributions  and  photomicrographs  of 
the  three  types  are  shown  in  Figure  1. 

2.2.2  Sample  Manufacture 

Polyurethane  Formulations.  The  polyurethane 
binder  system  consisted  of  a  hydroxyl-termin¬ 
ated  polybutadiene  (HTPB,  ARCO  polybd  resin 
grade  R-45M)  cured  with  isophorone  diisocy¬ 
anate  (1PDI)  using  a  hydroxyl/isocyanate .  atio 
of  unity.  HMX/HTPB/IPDI  moulding  powders 
were  prepared  by  a  non-aqueous  solvent  paste 
mix  process  (3)  in  which  dry  HMX  was  mixed 
with  a  solution  of  HTPB  and  I  PD  I  in  dichloro- 
methane,  and  the  solvent  then  removed  by 
sweeping  the  surface  of  the  mix  with  a  forced 
air  draught.  Prior  to  pressing,  the  moulding 
powders  were  stored  under  refrigeration  at 
<— 10°C  to  retard  binder  cure.  Charges  were 
pressed  isostatically  at  138  MPa  and  ambient 


temperature,  and  then  heated  at  70  °C  for  seven 
days  at  ambient  pressure  to  effect  curing  of  the 
binder. 


TYPE  A  HMX 


TYPE  B  HMX 


Micronized  HMX 


Fig.  1.  Particle  size  distributions  and  photomi¬ 
crographs  of  HMX 


Polyethylene  Formulations.  The  polyethylene 
binder  was  an  emulsifiable  grade  (Allied  Chem¬ 
icals,  AC  629)  used  commercially  in  wax 
polishes.  It  was  incorporated  with  HMX  in  the 
form  of  a  morpholine  oleate-stabilised  emulsion, 
which  was  then  broken  by  the  addition  of  an 
electrolyte.  Charges  were  pressed  isostatically 
at  138  MPa  and  100°C. 
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Viton  Formulations.  HMX/Viton  moulding 
powders  were  prepared  by  a  solvent  paste-mix 
process.  A  solution  of  Viton  A  in  n-butanone 
was  mixed  into  a  thick  paste  with  wet  HMX, 
and  the  solvent  then  stripped  off  by  heating  the 
mix  under  a  forced  air  draught.  Charges  were 
pressed  isostatically  at  138  MPa  and  100  °C. 

Final  densities  were  within  97-99%  of  their 
theoretical  maxima  (TMD)  except  charge  A 
which  had  a  density  of  about  94%  of  TMD.  The 
latter  showed  evidence  of  some  cracking  and 
this  may  have  affected  the  results  obtained.  All 
charges  were  machined  by  remote  control  into 
appropriate  test  specimens. 

2.3  Test  Methods 

Explosiveness  Measurements.  The  LABSET 
method  for  measuring  explosiveness  was 
described  at  the  6th  Symposium  (International) 
on  Detonation  (1),  and  the  apparatus  is  shown 
schematically  in  Figure  2. 


C 


Fig.  2.  LABSET  apparatus  t  (A)  Explosive 
Charge  Assembly,  (B)  Drop  Weight,  fC)  Guide 
Tube,  (D)  Felt  Pulse  Shaper,  IT)  Load  Spreading 
Plate,  (F)  Heater  Wire,  ( G )  Base  Plate,  (H) 
Switch,  (E)  Load  Cell) 

Disc  shaped  samples,  28.6  mm  diameter  and 
14.2  mm  long,  were  machined  from  each  of  the 


HE  charges  and  mounted  in  cylindrical  steel 
cups  101.6  mm  outside  diameter  and  31.8  mm 
thick.  The  test  method  will  be  described  brief¬ 
ly.  A  charge  assembly  is  mounted  on  a  strain- 
gauged  load  cell,  and  impacted  by  a  22.7  kg  drop 
weight,  falling  through  305  mm.  Ignition  of  the 
charge  is  achieved  during  the  rising  portion  of 
the  impact  loading  pulse  by  the  rapid  discharge 
of  a  25  pF  capacitor  bank,  charged  to  600  V, 
through  a  0.152  mm  diameter,  38.1  mm  long 
constantan  resistance  wire,  positioned  along  a 
diameter,  between  the  face  of  the  charge  and  a 
resin  bonded  base  plate  on  top  of  the  load  cell. 
Explosiveness  is  measured  by  the  force  impressed 
on  the  load  cell.  In  the  absence  of  an  explosive 
event  the  impact  loading  pulse  has  a  maximum 
in  the  range  25.0  to  35.0  kN  and  a  duration  of 
approximately  2.0  msec,  achieved  by  the  use  of 
a  fell  pulse  shaper. 

Five  samples  of  each  formulation  were  tested 
at  20  °C. 

Dynamic  Materials  Properties  Measurements. 
Dynamic  compressive  stress-strain  curves  were 
determined  for  cylindrical  explosive  samples  50 
mm  long  and  20  mm  diameter,  machined  from 
the  same  charges  which  provided  the  explo¬ 
siveness  test  samples.  A  standard  drop  weight 
apparatus  was  used  in  which  a  9  kg  weight  im¬ 
pacted  the  sample  axially  from  a  drop  height  of 
305  mm.  Stress  and  strain  were  recorded  direct¬ 
ly  by  a  load  cell  and  strain  gauged  cantilever 
system  respectively. 

Four  samples  of  each  formulation  were  tested 
at  20  °C.  A  typical  dynamic  compressive  stress- 
strain  curve  is  shown  schematically  in  Figure 
3.  Three  parameters  were  derived  from  each 
stress-strain  curve;  these  were  ultimate  com¬ 
pressive  strength  (UCS),  maximum  tangent 
modulus  (E),  and  percentage  strain  to  failure 
<Xt). 

3.  RESULTS 

Dynamic  compressive  properties  and  ex¬ 
plosiveness  responses  for  each  formulation  are 
summarised  in  Table  1.  The  values  quoted  for 
explosiveness  are  the  mean  and  standard  devia¬ 
tion  and  those  for  dynamic  compressive  proper¬ 
ties  are  mean  values. 

An  extensive  data  base  exists  at  AWRE  re¬ 
lating  the  response  in  LABSET  to  the  results 
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TABLE  1 

Details  of  Formulations  Together  with  Explosiveness 
and  Dynamic  Materials  Properties  Data 


Code  No 

Binder 

HMX  v/o 

LABSET, 

kN 

Dynamic  Compression 

Type  C 

Type  A 

UCS,  MPa 

E,  GPa 

Xt 

vxt 

A 

96.0 

190 

± 

80 

34 

3.0 

■ 

0.54 

B 

33.6 

62.4 

810 

± 

4 

26 

2.3 

H 

0.66 

Polyurethane 

HH 

C 

90.8 

60 

± 

10 

37 

2.3 

0.62 

D 

31.8 

59.0 

230 

+ 

50 

18 

1.5 

2.8 

0.43 

E 

96.0 

300 

± 

60 

57 

9.8 

D 

0.53 

F 

33.6 

62.4 

870 

± 

40 

19 

2.6 

0.75 

Polyethylene 

■1 

G 

90.8 

70 

± 

10 

37 

5.3 

H 

0.50 

K 

31.8 

59.0 

550 

± 

50 

18 

2.6 

1.0 

0.69 

I 

96.0 

360 

i 

77 

6.0 

B 

0.86 

J 

33.6 

62.4 

± 

35 

3.0 

HI 

0.83 

Vi ton  A 

HI 

K 

90.8 

± 

68 

5.8 

H 

0.62 

L 

31.8 

59.0 

± 

36 

3.9 

1.8 

0.51 

STRAIN 

Fig.  3.  A  schematic  view  of  a  typical  dynamic 
compressive  stress-strain  curve 


used  to  predict  the  response  of  the  HEs  con¬ 
sidered  here  in  the  large  scale  test.  The  design 
of  our  experiments  allowed  the  effects  of  three 
formulation  variables  on  LABSET  and  the 
dynamic  mechanical  properties  to  be  isolated 
using  variance  analysis.  The  major  features  of 
the  results  are  described  below. 

3.1  Effect  of  HMX  Loading.  The  analysis 
showed  that  for  LABSET  the  proportion  of 
variance  due  only  to  HMX  loading  was  relative¬ 
ly  large  {about  20%)  for  all  three  binder  systems 
and  the  LABSET  responses  of  formulations 
containing  96  v/o  HMX  were  in  each  case 
greater  than  those  containing  only  90.8  v/o 
HMX. 

The  trends  for  the  mechanical  properties  were 
less  consistent.  No  significant  effect  of  HMX 
loading  on  ultimate  strength  could  be  found 
and.  for  the  other  parameters,  the  effect  depend¬ 
ed  on  the  binder  system.  The  initial  modulus 


obtained  in  the  large  scale  AWRE  Oblique  Im¬ 
pact  (Skid)  Test  (4).  The  response  in  these  two 
tests  are  compared  in  Table  2  which  may  be 
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TABLE  2 

Comparison  of  LABSET  and  A  WRE  Oblique  Impact  (Skid)  Test  Responses 


LABSET  RESPONSE 
(kN) 

AWRE 

Skid  Test  (ref  4) 

Q-15Q 

150-500 

500-1000 

Small  partial  explosion  (?) 

Large  partial  explosion  (P) 

Explosion  (E)  and  High  Order  (H) 

was  only  strongly  influenced  by  HMX  loading 
(with  this  variable  contributing  50%  to  the 
variance)  for  polyurethane  formulations.  In 
these  the  formulations  with  the  higher  loading 
had  higher  moduli. 

The  failure  strain  was  much  more  strongly  in¬ 
fluenced  for  the  elastomeric  binder  systems, 
Viton  and  polyurethane,  (where  the  contribution 
of  HMX  loading  to  the  variance  was  80-90%) 
than  for  polyethylene  (about  20%).  In  general 
the  formulations  with  the  higher  loading  had 
lower  failure  strains. 

3.2  Effect  of  Initial  Particle  Size.  The  LABSET 
response,  ultimate  compressive  strength  and 
the  modulus  were  all  strongly  influenced  by  in¬ 
itial  particle  size.  In  LABSET  the  proportion 
of  the  variance  due  only  to  particle  size  was  in 
the  range  40-80%  and  the  contributions  to  the 
variance  for  the  ultimate  strength  and  modulus 
were  in  the  ranges  70-95%  and  40-90%  respec¬ 
tively.  A  strong  trend  was  observed  such  that 
in  each  case  formulations  containing  coarse 
(Type  A)  HMX  had  lower  ultimate  compressive 
strengths  and  moduli  and  higher  LABSET 
responses  than  those  containing  only  fine  (Type 
C)  HMX. 

3.3  Effect  of  Binder  Type.  The  LABSET 
response  was  not  strongly  influenced  by  the 
type  of  binder  (Student’s  t  value  for  the  dif 
ference  between  mean  values  for  Viton  formula¬ 
tions  and  those  for  corresponding  polyurethane 
formulations  falls  just  short  of  the  95%  con¬ 
fidence  level)  but  inspection  of  the  data  shows 
a  consistent  trend  of  increasing  LABSET  re¬ 
sponse  in  the  order: 

HMX/Polyurethane  <  H MX/Polyethylene  < 
HMX/Viton. 


Although  the  results  of  dynamic  compressive 
tests  exhibited  considerable  scatter,  statistical 
analysis  has  shown  that  there  was  a  significant 
tendency  for  the  ultimate  strengths  and  moduli 
to  lie  in  the  order: 

HMX/Viton  >  HMX  Polyethylene  > 
HMX/Polyurethane 

For  the  failure  strain  there  was  also  a  signifi¬ 
cant  trend  but  the  order  was: 

HMX/Polyurethane  >  HMX/Viton  > 
HMX/Polyethylene 

4.  DISCUSSION 

The  HMX  loading  has  been  shown  to  strong¬ 
ly  influence  the  explosiveness.  This  observation 
is  consistent  with  previous  data  (see  for  exam¬ 
ple  reference  5).  Increasing  the  HMX  volume 
fraction  increases  the  quantity  of  HE  per  unit 
volume  available  for  reaction  and  decreases  the 
quantity  of  binder  available  to  act  as  an 
inhibitor. 

An  increase  in  the  initial  proportion  of  coarse 
HMX  crystals  has  been  shown  to  lead  to  a 
decrease  in  strength  and  modulus  but  an  in¬ 
crease  in  explosiveness.  Further  evidence  in 
support  of  this  observation  can  be  obtained  by 
combining  the  data  reported  here  with  those 
reported  by  Coley  and  Whatmore  (2)  together 
with  some  recent  unreported  data  obtained  at 
AWRE.  As  shown  in  Figure  4  these  data  may 
be  separated  into  three  bands.  Within  each  band 
the  percentage  of  coarse  (Type  A)  HMX  was  the 
same  or  similar.  This  plot  shows  clearly  the  in¬ 
fluence  of  both  initial  particle  size  and  the  HMX 
loading  on  LABSET  response.  It  is  interesting 
to  note  that  for  formulations  containing  only 
fine  HMX  (Types  B  and  C)  the  explosiveness 
was  not  strongly  influenced  by  HMX  content 
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Fig.  4.  LABSET  results  for  a  range  of  HMX 
Polyurethane  formulations 


and  even  at  96  volume  %  HMX  the  explo¬ 
siveness  was  still  relatively  low.  HE  particle  size 
has  been  recognised  for  some  time  as  an  impor¬ 
tant  factor  influencing  charge  hazard  response 
in  a  wide  range  of  tests.  A  recent  review  by  Burt 

(5)  summarises  the  literature  on  this  topic. 

Particles  of  elastic  materials  decrease  in  com¬ 
pressive  strength  with  increasing  size.  Kendall 

(6)  predicted  that  for  such  materials  the  fracture 
stress  would  be  inversely  proportional  to 
(size)1"1.  This  relationship  has  been  confirmed  for 
/J-HMX  (7).  This  analysis  suggests  that  coarse 
HMX  particles  are  likely  to  be  fractured  more 
easily  than  fine  particles  during  pressing  or 
when  subjected  to  compressive  loading  ir  acci¬ 
dent  situations.  Microscopic  examination  of  sec¬ 
tions  of  highly  loaded,  pressed  HMX  plastic 
bonded  explosive  charges  has  demonstrated  the 
existence  of  cracking  in  HMX  particles  as  small 
as  70  nm  (5).  Work  is  in  progress  to  attempt  to 
quantify  the  amount  of  cracking  arid  relate  this 
to  pressing  parameters,  HMX  loading  and  in¬ 
itial  particle  size.  Extension  of  this  work  to  a 
study  of  samples  subjected  to  dynamic  com¬ 
pressive  loading  is  also  being  considered  since 
recent  work  by  Field  and  co-workers  (7)  has 
shown  that  HMX  particles  can  break  and  de¬ 
bond  from  binder  matrices  when  a  fracture  is 
propagated  through  a  pressed  sample. 

It  is  postulated  that  mechanical  disruption  of 
an  HE  charge  during  impact  will  expose  highly 
reactive,  uncoated,  internal  explosive  surface  in¬ 
to  which  a  burning  front  may  penetrate  after 
ignition  has  occurred,  leading  to  a  high  gas 


production  rate.  The  resulting  pressure  pulse 
may  cause  further  fracture  to  occur  ahead  of  the 
burning  front.  Provided  that  the  confinement 
is  of  sufficient  magnitude  and  duration  these 
processes  will  ultimately  lead  to  an  explosion. 
The  specific  surface  area  of  fracture  arising 
from  a  given  stimulus  may  be  an  important  fac¬ 
tor  influencing  explosiveness  and  this  will  de¬ 
pend  on  a  number  of  factors  including:  the 
HMX  fracture  surface  energy;  the  initial  HMX 
particle  size;  the  type  of  binder  and  the  HE- 
Hnder  physico-chemical  interactions. 

An  alternative  hypothesis  is  that  explosiveness 
is  influenced  by  the  void  size  distribution  and 
void  shape.  For  pure  HMX  compacts  these 
parameters  will  r'  early  be  determined  by  the 
HMX  particle  size  distribution  and  particle  shape. 
However,  for  HMX  plastic  bonded  explosives  the 
situation  may  be  more  complex  since  voids  may 
be  associated  more  with  aggregates  of  coated  pan 
tides  than  with  individual  coated  particles.  We 
are  not  able,  at  present,  to  quantify  void  size  and 
distribution  in  pressed  compacts  although  this 
subject  is  currently  being  studied. 

The  void  percentage  in  a  given  charge  can  be 
determined  from  its  density  and  the  TMD  for  the 
formulation  concerned.  There  was  no  correlation 
between  the  void  percentage  in  the  samples 
tested  and  their  LABSET  responses. 

The  effects  of  the  type  of  binder  are  less 
marked  than  those  of  HMX  content  and  HMX 
particle  size  but  some  trends  have  been  observed. 
The  strain  rate  in  the  dynamic  compressive  test 
(~10— 20  s-1)  is  of  the  same  order  as  that  in 
both  LABSET  and  the  AWEE  Oblique  Impact 
test  (4).  Strengths  and  moduli  in  the  dynamic 
compressive  test  increase  in  the  same  order  as  the 
explosiveness  measured  in  LABSET  (for  constant 
HMX  content  and  particle  size),  i.e.,  HMX/Viton 
>  HMX  Polyethylene  >  HMX/  Polyurethane. 
Figures  5  and  6  show  plots  of  LABSET  response 
versus  dynamic  strength  and  modulus  respective¬ 
ly  for  the  four  groups  of  formulations  each  hav¬ 
ing  a  constant  HMX  content  and  particle  size 
distribution.  Although  the  trends  within  these 
groups  were  not  statistically  significant  there  ap¬ 
pears  to  be  a  trend  in  each  of  these  plots  such 
that  LABSET  response  increases  with  both 
dynamic  strength  and  modulus.  It  is  interesting 
to  note  that  extrapolation  of  these  data  suggests 
that  a  sample  having  a  relatively  low  strength 
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and  modulus  would  have  a  low  LABSET 
response  irrespective  of  its  composition.  This  may 
explain  why  some  high  power,  highly  plasticised 
formulations  exhibit  low  explosiveness  in  both 
LABSET  and  the  AWRE  Oblique  Impact  (Skid) 
test  (8). 


Dynamic  Strength.  MPa 

Fig.  5.  IjABSET  results  as  a  function  of  dynamic 
compressive  strength  for  Polyurethane  (PU), 
Polyethylene  (PE)  and  Viton  (V)  formulations 

Some  caution  must  be  exercised,  however,  in 
attributing  the  trends  shown  in  Figures  5  and 
6  merely  to  the  effects  of  changes  in  mechanical 
properties  since  the  changes  in  LABSET 
response  were  achieved  by  changing  the  binder 
systems  whilst  keeping  the  HMX  volume  frac¬ 
tion  and  particle  size  distribution  constant.  It 
is  not  certain,  at  this  time,  what  contribution 
to  these  trends  is  made  by  differences  in  the 
nature  of  the  binders  and  their  physico-chemical 
interactions  with  HMX.  This  is  clearly  an  area 
where  further  work  is  needed. 

The  possible  influences  of  dynamic  mechani¬ 
cal  properties  on  explosiveness  may  be  due  to 
their  effects  on  the  local  confinement  in  the 


region  of  the  reaction  zone.  Clearly,  if  unre¬ 
strained  fracture  of  the  charge  occurs  on  impact 
or  ahead  of  a  propagating  burning  front,  hot 
product  gases  will  be  vented  to  atmosphere,  the 
confinement  will  be  released  and  the  reaction 
will  be  quenched. 


Fig.  6.  LABSET  results  as  a  function  of 
dynamic  modulus  for  polyurethane  (PU), 
polyethylene  (PE)  and  Viton  (V)  formulations 

In  a  paper  presented  at  the  7th  Symposium 
(International)  on  Detonation,  Coley  and  What- 
more  (2)  described  experiments  on  three  series 
of  HE  formulations  containing  HMX  and  poly¬ 
urethane  binders  based  on  the  HTPB/IPDI 
system.  The  mechanical  properties  within  each 
series  were  varied  by  changing  the  particle  size 
distributions  of  fo  the  HMX  crystals  and  by  in¬ 
corporating  different  degrees  of  cross-linking  in¬ 
to  otherwise  chemically  similar  binder  systems. 
It  was  suggested  that  the  formulations  which 
gave  the  most  violent  LABSET  responses  were 
those  whose  dynamic  compressive  properties 
departed  most  from  purely  elastic  behaviour. 
This  observation  suggested  a  combination  of 
parameters  which  would  quantify  this  depar- 
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ture  from  elasticity.  From  Figure  3  the  quantity 

Ultimate  Compressive  Strength  (UCS) 
Maximum  Tangent  Modulus  (E) 

represents  the  failure  strain  Xe  of  a  hypo¬ 
thetical  elastic  material  with  identical  modulus 
and  failure  stress  to  the  real  material.  Thus  if 
Xt  is  the  failure  strain  of  the  real  material  then 
the  ratio 

xe  =  UCS 

Xt  E  .  (STF) 

is  a  measure  of  its  departure  from  elasticity. 

On  the  basis  of  their  data  Coley  and  What- 
more  identified  a  trend  which  suggested  that 
formulations  having  low  XJXt  values  would 
have  high  LABSET  responses  (for  a  given 
HMX  content).  However,  a  considerable 
amount  of  data  have  been  acquired  since  this 
work  was  reported  and  it  is  now  possible  to 
reassess  the  effects  of  Xe/Xt  on  explosiveness. 
Multi-linear  regression  analysis  has  been  per¬ 
formed  on  the  results  obtained  from  twenty-six 
polyurethane  formulations.  This  has  shown  that 
there  is  a  strong  correlation  between  LA  BSET 
response  and  both  the  initial  HMX  particle  size 
and  the  HMX  loading  with  small  contributions 
from  ultimate  strength,  initial  modulus  and 
failure  strain.  However,  no  significant  correla¬ 
tion  was  found  with  any  single  mechanical  pro¬ 
perties  parameter  or  the  composite  parameter 
Xe/Xt.  In  the  light  of  the  data  now  available  it 
appears  that,  in  the  previous  work,  the  effects 
of  mechanical  properties  on  explosiveness  were 
overshadowed  by  the  effects  of  changes  in  par¬ 
ticle  size. 

Considerable  further  work  is  required  before 
a  full  understanding  is  gained  of  the  mechan¬ 
isms  underlying  the  influence  of  formulation 
variables  on  charge  hazard  response.  However 
the  benefits  of  excluding  coarse  particles  from 
HE  formulations  have  been  clearly  demon¬ 
strated.  There  is  also  some  indication  that  the 
use  of  low  strength,  low  modulus,  strain  rate  in¬ 
sensitive  binders  will  be  beneficial.  Investiga¬ 
tions  are  in  progress  on  HMX/Polyurethane 
systems  in  which  the  maximum  HMX  particle 
size  is  less  than  100  pm.  Reductions  in  particle 
size  are  expected  to  lead  to  some  processing  pro¬ 
blems  but  it  is  hoped  that  these  can  be  over¬ 
come  by  close  control  of  particle  characteristics, 


the  use  of  narrower  size  fractions  and  judicious 
blending  of  these  fractions. 

5.  CONCLUSIONS 

Twelve  HE  formulations  have  been  developed 
and  tested  in  a  programme  aimed  at  gaining  a 
better  understanding  of  the  factors  influencing 
charge  hazard  response.  Three  formulation 
variables  have  been  shown  to  influence  both 
charge  mechanical  properties  and  explosiveness 
response.  The  following  conclusions  may  be 
drawn  from  the  results: 

(1)  Increases  in  HMX  volume  percentage  lead 
to  increases  in  the  explosiveness  of  pressed  HE 
formulations.  This  confirms  previous  work. 

(2)  Increases  in  the  proportion  of  coarse  HMX 
crystals  lead  to  decreases  in  strength  and  mod¬ 
ulus  but  increases  in  explosiveness. 

(3)  For  a  given  HMX  volume  percentage  and 
particle  size  distribution  charge  explosiveness 
responses  lie  in  the  order: 

HMX/Viton  >  HMX/Pclyethylene  >  HMX/ 
Polyurethane. 

(4)  Increases  in  the  dynamic  strengths  and 
moduli  of  plastic  bonded  explosives  may  lead 
to  increases  in  explosiveness. 
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DISCUSSION 

HAROLD  GRYTING,  Southwest  Research 
Institute 

Have  you  correlated  sensitiveness  with  the 
relative  toughness  as  approximated  by  the  area 
under  the  stress-strain  curve  under  either  ten¬ 
sile  or  compressive  strength  determinations? 

REPLY  BY  K.  A.  FLEMING 

The  work  presented  here  was  concerned  with 
assessing  the  influence  of  formulation  variables 
on  the  explosiveness,  rather  than  the  sensitive¬ 
ness,  of  HE  charges.  We  have  not  attempted  to 
correlate  the  explosiveness  with  strain  energy 
but  intend  to  do  so  in  the  near  future. 

DISCUSSION 

G.  D.  COLEY,  AWRE,  England 

Unpublished  work  at  AWRE  indicates  that 
strain  energy  does,  indeed,  correlate  with  the 
sensitiveness. 

DISCUSSION 
F.  HILDEBRANT,  ARDC 

How  is  the  fluid  energy  milled  material,  i.e. 
HMX,  handled  between  grind  phase  and  mix¬ 
ing  phase?  Is  some  type  of  solvent  transport 
utilized?  What  is  the  storage  time  and  effect  on 
explosive  performance  if  delays  do  occur  be¬ 


tween  the  two  operations? 

REPLY  BY  K.  A.  FLEMING 

The  fine  HMX  used  for  these  studies  was  pro¬ 
duced  by  fluid  energy  milling  in  an  aqueous 
slurry.  Since  the  surface  area  of  such  materials 
decreases  dramatically  during  storage  in  water 
we  dried  the  HMX  immediately  after  milling. 
The  particle  size  measurements  were  made  on 
the  dried  material. 

DISCUSSION 

M.  HELD,  MBB  Apparate,  FRG 

1.  If  you  use  15%  PU-binder,  will  you  have 
any  LABSET  response? 

2.  How  did  you  measure  the  dynamic  strength 
and  modulus? 

REPLY  BY  K.  A.  FLEMING 

1.  Wc  do  not  yet  have  any  results  for  formula¬ 
tions  containing  more  than  10  volume  % 
polyurethane  binder. 

Extrapolation  of  our  data  suggests  that  the 
load  cell  response  for  such  a  formulation 
would  be  indistinguishable  from  that  of  an 
inert  material  having  the  same  dynamic 
mechanical  properties.  We  would  expect  to 
observe,  however,  scorch  marks  on  the 
material  in  the  region  adjacent  to  the  heater 
wire. 

2.  Details  of  the  technique  used  for  measur¬ 
ing  the  dynamic  mechanical  properties  of 
our  materials  are  given  in  our  paper. 

DISCUSSION 
R.  STRESAU,  Consultant 

In  any  laboratory  scale  experiment  there  is 
a  relationship  between  particle  size  and  such 
parameters  as  failure  diameter  and  run  up 
distance.  In  this  respect  it  is  of  interest  to  com¬ 
pare  data  presented  in  the  paper  with  those  ob¬ 
tained  by  MacDougal  and  Messerly  in  the  ear¬ 
ly  '40s  with  bimodal  mixtures  of  coarse  and  fine 
ammonium  picrate  (with  no  binder).  These  data 
indicated  a  maximum  failure  diameter  (and 
hence  minimum  detonation  velocity)  for  a  75/25, 
coarse/fine  ratio.  I  have  observed  a  similar  rela¬ 
tionship  for  RDX.  Is  there  a  contradiction  here? 
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REPLY  BY  K.  A.  FLEMING 

The  work  to  which  you  refer  concerns  the  per¬ 
formance  of  low  density  (55-60%  TMD)  com¬ 
pacts  of  uncoated  explosive  particles.  The  work 
described  in  our  paper  is  concerned  with  the 
growth  of  reaction  in  high  density  (97-99% 
TMD)  charges  of  coated  explosive  particles.  In 
the  latter  case  the  propagation  of  a  burning 
front  is  influenced  by  the  ease  with  which  un- 
coatfcd,  internal  explosive  surface  is  exposed  by 
fracture  during  impact.  Our  work  indicates  that 
the  tendency  for  fracture  to  occur,  and  hence 
the  ease  with  which  propagation  occurs,  in¬ 
creases  as  the  proportion  of  coarse  explosive 
crystals  increases. 

DISCUSSION 
R.  D.  STEELE,  LANL 

I  have  two  remarks. 

1.  What  you  call  the  explosiveness  is  clearly 
greater  with  PBX  9404  than  with  PBX  9501. 
The  principal  difference  between  these  materials 
is  the  binder.  This  difference  has  been  observed 
on  drop  skid  tests  with  both  qualitative  obser¬ 
vations  and  with  pressure  gauges  located  near 
the  experiment.  These  experiments  clearly  sup¬ 
port  your  observation  that  the  binder  influences 
the  explosiveness  of  an  event. 


2.  In  addition  I  would  like  to  observe  that  you 
were  correct  in  observing  that  you  should  be 
looking  at  the  dynamic  mechanical  properties 
of  the  binder.  Rather  than  look  at  the  modulus 
alone  we  have  had  a  great  deal  of  success  look¬ 
ing  at  a  polymer  in  terms  of  both  its  modulus 
and  of  the  time  constant  which  controls  its 
transformation  from  a  very  stiff  material  in  that 
time  frame  to  a  polymer  like  material  in  longer 
time  frames.  These  constants  can  range  from 
about  10-6s  for  the  better  binders  to  10~2s  for 
materials  that  give  worse  sensitiveness  and  ex¬ 
plosiveness.  It  is  interesting  to  note  that  the 
glass  temperature  of  a  polymer  provides  a  fair 
measure  of  its  time  constant. 

REPLY  BY  K.  A.  FLEMING 

Thank  you  for  your  confirmatory  comments. 
It  may  be  of  interest  to  note  that  we  have 
LABSET  results  for  both  PBX  9404  and  PBX 
9501.  The  values  obtained  (900  and  300kN 
respectively)  are  clearly  consistent  with  your 
observation  that  the  explosiveness  of  PBX  9404 
in  skid  tests  is  greater  than  that  of  PBX  9501. 

DISCUSSION 

G.  D.  COLEY,  AWRE,  UK 

Would  Jade  correlate  with  sensitiveness? 

REPLY  BY  K.  A.  FLEMING 

It  has  been  clearly  established  that  the  dynam¬ 
ic  compressive  properties  of  HMX  PBX’s  corre¬ 
late  with  their  sensitiveness.  For  the  compression 
derived  in  the  paper,  sensitiveness  is  expected  to 
correlate  with  dynamic  compressive  strength. 
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INITIATION  STUDIES  ON  LX-17*  EXPLOSIVE 


K.  Bahl,  G.  Bloom,  L.  Erickson,  R.  Leet,  C.  Tarver,  W.  Von  Holle,  R.  Weingart 
Lawrence  Livermore  National  Laboratory 
University  of  California 
Livermore,  California,  94550 


Studies  of  hemispherical  booster  initiation  of  plastic  bonded  TATB 
have  lead  to  several  interesting  results.  The  parameters  which  affect 
booster  initiation  are  the  size,  temperature  and  nature  of  the  booster 
and  acceptor.  Particle  size  has  a  pronounced  effect  on  acceptor  HE 
initiation.  However,  one-dimensional  thin  pulse  experiments  with 
electric  gun  slappers  have  shown  much  less  effect  of  particle  size  ex¬ 
cept  for  very-fine-particle  TATB.  These  experiments  and  those  us¬ 
ing  embedded  manganin  and  particle  velocity  gauges  have  been  suc¬ 
cessfully  modeled  using  an  ignition  and  growth  model  The  calcula¬ 
tions  increased  our  understanding  of  LX-1 7  shock  initiation  and  our 
predictive  ability. 


INTRODUCTION 

Initiation  of  detonation  in  high  density 
charges  generally  requires  an  initiation  train  in 
which  the  first  components  deliver  sharp 
pressure  pulses  with  steeply  falling  Taylor 
waves.  Shock  initiation  of  LX-17  is  a  particular¬ 
ly  difficult  problem.  Because  of  its  inertness  (1), 
choice  of  an  initiation  system  for  this  material 
requires  careful  study  and  understanding  of  the 
nature  of  thin-pulse  initiation.  In  the  following 
we  describe  advances  recently  made  in  this 
study. 


BOOSTER  STUDIES 

Initiation  of  TATB  by  high  explosive  (HE) 
boosters  requires  the  use  of  rather  large  booster 
charges.  A  strong  detonation  may  propagate  in 
TATB  with  almost  no  divergence  to  the  sides 
if  it  is  not  initiated  strongly  over  a  sufficiently 
large  area.  We  investigated  the  effect  of  booster 
size  and  type  of  booster  HE  on  LX-17  and 
another  TATB  composition,  PBX-9502**,  both 
at  ambient  temperature  and  at  -54  °C. 


The  experimental  configuration  is  shown  in 
Fig.  1.  The  breakout  of  the  detonation  wave  on 
the  surface  of  the  TATB  acceptor  charge  was 
recorded  by  a  rotating-mirror  streak  camera  at 
a  streak  rate  of  20  km  •  s'1.  The  streak  record 
permitted  measurement  of  the  transit  time  of 
the  detonation  wave  through  the  acceptor 

Str83k  Camera  View 


\ 

Mirror 


Fig.  1.  Booster-test  arrangements  for  investi¬ 
gating  the  initiation  of  TATB  compositions 
LX-17  and  PBX  9502  by  a  number  of  different 
booster  charges  (We  varied  temperature,  booster 
size,  booster  HE  material  and  type  of  TATB  us¬ 
ed  in  the  acceptor.  We  also  varied  the  thickness 
of  the  TATB  acceptor  and  the  radius  of  the 
booster.) 


*  92.5%  triaminotrinitrobenzene,  7.5%  KelF800,  1.9  g/cm3 

**95%  TATB,  5%  KeiF800,  1.9  g/cm3 

tPresent  address  Department  of  Physics,  Kansas  State  University. 
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(referenced  to  detonator  breakout  time)  and  the 
shape  of  the  detonation  wave  as  it  reached  the 
surface  of  the  acceptor.  Although  the  breakout 
of  the  detonation  wave  was  nearly  simultaneous 
at  all  points  on  the  booster  surface,  the  front 
of  the  detonation  v/ave  in  the  TATB  acceptor 
did  not  propagate  as  a  sphere  because  of 
rarefaction  effects  at  the  back  edge  of  the 
hemispherical  booster.  The  ideal  propagation  of 
the  wave  was  further  impeded  by  the  large 
failure  diameter  of  TATB-based  explosives.  We 
also  observed  significant  effects  on  detonation 
propagation  due  to  temperature  and  differences 
in  TATB  particle-size  distributions. 

EFFECT  OF  BOOSTER  SIZE 

To  properly  initiate  TATB-based  HEs  it  is 
necessary  to  use  boosters  of  adequate  size.  The 
failure  diameter  of  PBX-9502  is  9mm,  and  one 
would  expect  the  failure  diameter  of  LX-17  to 
be  even  larger  because  of  its  higher  percentage 
of  binder  and  higher  density.  We  found  ex¬ 
perimentally  that  a  booster  with  a  diameter 
near  the  TATB  failure  diameter  produces 
detonations  that,  at  best,  diverge  slowly  in  the 
TATB  and  at  low  temperatures  can  be  quite 
marginal  in  initiating  the  TATB  acceptor. 

We  judged  the  relative  strength  of  the  detona¬ 
tion  by  the  intensity  of  the  light  produced  when 
the  detonation  wave  reached  a  layer  of 
aluminum  silicofluoride  [Al2(SiF6)3]  sprayed  on 
the  spherical  surface  of  the  TATB  acceptor.  The 
light  is  bright  only  near  the  pole  of  the  accep¬ 
tor;  away  from  the  pole,  the  impact  of  the 
detonation  wave  is  oblique  and  the  detonation 
may  not  be  fully  developed.  We  designate  the 
region  over  which  the  bright  light  is  observed 
as  the  region  of  strong  reaction  or  detonation. 
The  angular  size  of  the  region  of  strong  reac¬ 
tion  (measured  from  the  pole)  is  a  good 
qualitative  indicator  of  how  well  the  detonation 
wave  is  diverging  in  the  acceptor  HE.  Table  1 
summarizes  the  results  of  experiments  in  which 
20mm-thick  PBX-9502  acceptors  were  initiated 
at  -54  °C  by  LX-07  (90%  HMX,  10%  Viton,  A, 
£>=1.86  g/cm3)  boosters  with  radii  of  8.5  to  15 
mm.  The  data  clearly  indicate  the  effect  of 
booster  size. 

EFFECT  OF  BOOSTER  HE  TYPE 

By  using  a  more  energetic  booster  HE  the 
higher-energy  booster  compensates  for  its 


smaller  size  by  initially  overdriving  the  accep¬ 
tor  HE.  Table  2  compares  the  divergence 
observed  in  PBX-9502  at  —  54  °C  when  it  is  in¬ 
itiated  by  8.5  to  15  mm  radius  boosters  of  LX-07 
and  LX-10  (94.5%  HMX,  5.5%  Viton  A,  p=1.86 
g/cm3),  which  have  detonation  pressures  of 
about  35  and  38  GPa,  respectively.  From  Table 
2,  we  see  that  LX-10  boosters  produce  detona¬ 
tion  waves  with  better  divergence  than  do 
LX-07  boosters,  particularly  those  with  an  8.5 
mm  radius. 

TABLE  1 

Effect  of  Booster  Radius  on  the  Divergence 
of  Detonation  Waves  in  Hemispherical 
PBX-9502  Acceptors  (20  mm  thick  at 
—54°C)  Initiated  by  LX-07  Boosters 


Divergence 

Booster 

radius 

mm 

Region 
of  strong 
reaction,  deg* 

Region 
of  detectable 
reaction,  deg* 

8.5 

71 

103 

10 

139 

171 

12.5 

165 

175 

15 

170 

180 

*  Measured  across  the  pole  of  the  hemisphere. 

EFFECT  OF  ACCEPTOR  PARTICLE- 
SIZE  DISTRIBUTION 

The  effect  of  the  particle-size  distribution  of 
the  TATB  used  in  the  acceptor  has  a  strong  ef¬ 
fect  on  divergence.  Table  3  compares  the 
divergence  of  the  detonation  waves  observed  in 
various  PBX-9502  acceptors  initiated  by 
boosters  of  LX-07, 8.5  and  10  mm  in  radius.  The 
TATB  in  t  »e  various  acceptors  differed  primari¬ 
ly  in  particle  size,  designated  as  coarse  and  fine. 
The  coarse  material  showed  very  poor 
divergence  when  initiated  with  8.5  nm  radius 
boosters,  and  even  with  10  mm  radius  boosters 
showed  poorer  divergence  than  the  fine 
material.  LX-17  materials,  both  coarse  and  fine 
(not  shown  in  Table  3)  diverged  more  slowly 
than  PBX-9502  because  they  contain  more 
binder  and  were  pressed  to  a  higher  density. 
Table  3  demonstrates  the  effect  of  particle  size 
on  divergence. 
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TABLE  2 


Effect  of  Booster  HE  type  on  the  Divergence  of  Detonation  Waves 
in  Hemispherical  PBX-9502  Acceptors  at  —54°C 


Divergence 

Shock  breakout 
time  spread,  pis 

Booster  high 
explosive 

Booster  radius 

mm 

Region  of 
itrong  reaction, 
deg* 

Region  of 
detectable 
reaction,  deg* 

PBX-9502  acceptor 
(10  mm  thick) 

LX-07 

8.5 

145 

163 

0.16 

LX- 10 

8.5 

165 

169 

0.13 

PBX-9502  acceptor 
(20  mm  thick) 

LX-07 

12.5 

165 

175 

0.35 

LX- 10 

12.5 

169 

179 

0.40 

LX-07 

15 

170 

180 

0.58 

LX-10 

15 

175 

180 

0.80 

♦Full  angle  centered  over  the  pole  of  the  hemisphere. 


TABLE  3 

Effect  of  HE  Particle  Size  on  the  Divergence  of  Detonation  Waves  in  20  mm  thick.  Hemispherical 
PBX-9502  Acceptors  at  —54aC,  Initiated  by  LX-07  Boosters 


Divergence 

Average  particle  size  of 

Booster  Radius 

Region  of  strong  reac-  Region  of  detectable 

acceptor  HE* 

mm 

tion,  deg** 

reaction,  deg** 

Coarse 

8.5 

71 

103 

Fine 

160 

180 

Coarse 

10 

139 

171 

Fine 

170 

180 

‘Materia*  designated  coarse  is  deficient  in  particles  with  diameters  less  than  60fim. 
“Full  angle  centered  ever  the  pole  of  the  hemisphere. 


'CABLE  4 

Effec*  of  Temperature  on  the  Divergence  of  Detonation  Waves  in  Hemispherical  PBX-9502 
Acceptors  of  Varying  Thickness  and  HE  Particle  Si  e 


Pr<X-9502  acceptor 

LX-07  booster 

Region  of  strong 
reaction,  deg* 

Region  of  detectable  reac¬ 
tion,  deg* 

Thickness, 

Particle  J ze 

radius, 

Ambient 

Ambient 

mm 

mm 

temperature 

~54°C 

temperature 

-54  °C 

10 

Fine 

8.5 

173 

145 

179 

163 

10 

178 

163 

180 

179 

15 

180 

172 

180 

180 

Coarse 

10 

163 

126 

170 

146 

20 

Coarse 

10 

166 

130 

180 

170 

‘Full  siifje  centered  over  th<  p-  >:-»  of  the  hemisphere. 
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EFFECT  OF  TEMPERATURE 

The  temperature  of  the  TATB  acceptor  when 
it  is  initiated  has  an  important  effect  on 
divergence.  Table  4  shows  the  divergence  of 
detonation  waves  in  PBX-9502  initiated  at  am¬ 
bient  temperature  and  at  —  54  °C  by  boosters 
with  radii  of  8.5  to  15  mm.  For  the  fine  particle 
PBX-9502,  only  the  15  mm  radius  boosters  pro¬ 
duced  nearly  the  same  divergence  at  —  54  °C  as 
at  ambient  temperature.  For  the  coarse-particle 
PBX-9502  at  — 54°C,  the  10  mm  radius  booster 
is  marginal,  at  best.  The  data  in  Table  4  em¬ 
phasize  the  important  point  that  to  initiate 
TATB-based  HE  and  obtain  good  divergence  of 
the  detonation  wave,  the  booster  must  be  large 
enough  to  overcome  the  effects  of  temperature 
and  TATB  particle  size. 

BOOSTER  PERFORMANCE 

The  effects  of  booster  size,  HE  type  and 
temperature  all  are  critically  important  to  the 
initiation  of  TATB-based  HE  charges.  Booster 
size  and  HE  type  affect  the  pressure  or  time 
duration  of  the  output  pulse  of  the  booster.  As 
the  hemispherical  booster  becomes  larger  the 
duration  of  the  pressure  pulse  increases  because 
the  Taylor  wave  becomes  less  steep  and  the 
spherical  divergence  effect  diminishes.  Lower 
temperatures  reduce  the  shock  sensitivity  as 
shown  below,  and  have  a  strong  effect  on 
detonation  wave  divergence. 

In  the  following  sections  we  will  examine  1-D, 
thin-pulse  threshold  experiments  on  a  large 
number  of  plastic  bonded  TATB  formulations, 
pressure  records  from  embedded  manganin 
gauges  in  1-D  gas  gun  experiments,  and  calcula- 
tional  modeling  of  these  experiments.  All  of 
these  efforts  contribute  to  our  understanding 
of  initiation  systems  performance. 

ONE  INCH  THRESHOLD  TESTS 

The  detonation  thresholds  of  a  variety  of 
plastic  bonded  TATBs  were  measured  using  the 
impact  of  a  0.25  trim-thick  Mylar  flyer  plate  as 
the  shock  stimulus.  We  compare  results  for  six 
LX- 17  formulations  chosen  to  have  a  wide  range 
of  par',  icle-size  distributions  as  well  as  one 
PBX-9502  formulation  with  a  very  coarse  com¬ 
post!  i.  The  particle-size  distributions  as 
measured  by  sieve  analysis  are  shown  as 
histograms  in  Figure  2A-G.  The  samples  were 
tested  at  densities  1.80,  1.85,  1.88  g/cm3  and 


maximum.  Thresholds  were  determined  at  both 
ambient  temperature  and  —  54  °C  for  each 
material  at  the  specific  densities. 

EXPERIMENTAL  PROCEDURES 

An  electric  gun  with  a  25.4X25.4X0.051  mm 
thick  aluminum  foil  was  used  to  drive  a  0.254 
mm  thick  Mylar  foil  down  a  25.4  mm 
diameter X  5.6  mm  long  PMMA  barrel  to  the 
TATB  target  (2).  This  resulted  in  a  pulse  width 
of  approximately  80  ns.  The  sample  was 
mounted  in  a  PMMA  prism  so  that  the 
breakout  of  the  detonation  wave  on  both  the 
back  face  and  on  the  two  sides  could  be  ob¬ 
served  with  a  streak  camera.  Since  it  was  im¬ 
possible  to  measure  flyer  velocity  with  the  sam¬ 
ple  in  place,  the  device  was  calibrated  by 
measuring  the  flyer  velocity  with  a  laser  Fabry- 
Perot  interferometer.  A  least-squares  fit  to  this 
data  gives  a  satisfactory  value  for  the  velocity 
for  any  given  voltage. 

We  used  a  delayed  Robbins-Monro  (DRM) 
scheme  to  pick  the  capicitor  bank  voltage  (3). 
In  order  to  study  a  large  number  of  different 
materials,  we  generally  limited  a  series  to  eight 
shots  for  a  particular  material  at  a  particular 
density  and  temperature.  It  is  not  possible  to 
determine  the  standard  deviation  of  this  small 
number  of  trials. 

Some  scatter  in  the  data  is  probably  due  to 
lot-to-lot  HE  variations  as  well  as  equipment 
variations.  For  example  we  saw  unexplainable 
differences  among  different  pressing  lots  of  the 
same  material. 

In  choosing  voltages  we  made  an  approx¬ 
imate  correction  for  the  differences  in  density 
among  samples  in  a  pressing  lot.  We  did  those 
samples  nearest  the  nominal  density  last  so  that 
there  was  no  density  correction  in  the  final 
result  except  that  the  densities  do  differ  from 
the  nominal  value  by  a  small  amount. 

For  each  series  of  shots  a  maximum  likelihood 
estimate  of  the  threshold  was  made  from  the 
voltages  for  goes  and  no-goes.  From  the  in¬ 
terferometer  calibration,  this  was  converted  to 
a  flyer  velocity.  A  Hugoniot  based  on 
theoretical  estimates  for  the  parameters  in 

Us=C0+SUp 

was  then  used  to  determine  the  corresponding 
pressure.  These  pressures  are  plotted  vs.  den¬ 
sity  in  Figure  3. 
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UL1RAFINE  LX-17  PARTICLE  SIZE  DISTRIBUTION 
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Fig.  Particle-size  distributions  ofTATB  used  to  make  LX-17  and  PBX-9502  for  the  threshold  tests 
(The  distributions  are  determined  by  the  amount  of  powder  passing  through  standard  screens.  The 
figures  are  arranged  roughly  in  order  of  increasing  coarseness.  Figure  2A  is  the  particle-size  distribu¬ 
tion  for  ultrafine  TATB.  Figure  2G  (next  page)  is  the  particle-size  distribution  for  the  very  coarse 
elutriated  batch  with  the  fine  particles  washed  out  In  each  figure  the  first  block  indicates  the  percent 
of  the  material  with  particles  in  the  range  0-10  p,  etc.) 
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Fig.  2G.  (See  previous  page) 

DISCUSSION  OF  THRESHOLD 
RESU‘ 

LX-17  «.,ci.e  with  ultrafine  TATB  (76%  by 
weight  smaller  than  10/rm)  had  the  finest 
particle-size  distribution  for  these  tests  (see 
Figure  2A),  This  material  had  the  lowest 
threshold,  particularly  at  1.80  density,  where 
threshold,  at  -54  °C  was  less  than  that  of  any 
other  LX-17  formulations  at  ambient  temper¬ 
ature. 

General  observations  for  these  data  are: 

•  The  threshold  for  shots  at  -54  °C  is  2-4  GPa 
higher  than  at  ambient  temperature. 

•  The  threshold  curve  rises  faster  near  the 
maximum  density. 

•  There  was  a  greater  effect  on  the  threshold 
from  particle-size  at  lower  densities. 

The  results  of  these  experiments  depend  on 
density,  temperature  and  particle-size  distribu¬ 
tion  in  a  complicated  relationship. 

It  is  surprising  that  particle-size  distribution 
has  little  effect  on  1-D  shock  initiation  threshold 
but  a  large  effect  on  divergence.  Temperature 
has  a  predictably  large  effect  on  both  1-D 
thresholds  and  divergence. 

THEORETICAL  MODELING 

Previous  one  and  two-dimensional  applica¬ 
tions  of  the  ignition  and  growth  model  (4)  of 
shock  initiation  to  LX-17  concentrated  on 


sustained  shock  experiments  using  embedded 
manganin  gauges,  run  distance  to  detonation 
versus  initial  shock  pressure,  and  self- 
sustaining  detonation  wave  reaction  zone 
length  and  metal  acceleration  (5-8).  As  discussed 
in  detail  by  Tarver  et  al.  (9),  accurate  modeling 
of  shock  initiation  of  solid  explosives,  including 
LX-17,  by  spherically  diverging  shocks  from 
booster  explosives,  by  very  short  duration,  high 
pressure  shock  pulses  from  electrically  ac¬ 
celerated  Mylar  foils,  and  by  relatively  short 
duration,  lower  pressure,  single  and  double 
shocks  in  embedded  gauge  experiments,  re¬ 
quired  modification  of  the  ignition  and  growth 
model  to  include  three  terms  in  the  reaction  rate 
law.  The  details  of  the  reaction  rate  law,  the 
equation-of-state,  and  the  values  of  the  input 
parameters  for  LX-17  are  given  by  Tarver  et  al. 
(9).  This  paper  contains  the  results  of  the  ap¬ 
plication  of  this  model  to  recent  LX-17  shock 
initiation  data. 

BOOSTER  MODELING 

The  main  modification  of  the  ignition  and 
growth  model  for  LX-17  initiation  calculations 
is  to  allow  a  greater  fraction  of  the  explosive  to 
be  rapidly  ignited  by  a  very  high  pressure,  short 
duration  shock  front.  The  dependence  of  the  ig¬ 
nition  rate  on  the  degree  of  compression  or  the 
initial  shock  pressure  is  also  much  steeper  than 
previously  reported  (4,5).  Thus  modified,  the  ig¬ 
nition  and  growth  model  ignites  a  sufficient 
amount  of  TATB  to  accurately  simulate  very 
high  pressure,  very  short  pulse  duration  ex¬ 
periments.  In  the  case  of  shock  initiation  by  a 
spherically  diverging  detonation  wave  from  an 
LX-10  booster  charge,  the  LX-17  is  subjected 
to  a  shock  pressure  in  excess  of  its  von 
Neumann  spike  and  Chapman-Jouguet  (CJ) 
pressures  for  only  a  few  nanoseconds  (compared 
to  an  overall  reaction  time  of  approximately  250 
nanosecond  in  a  self-sustaining  LX-17  detona¬ 
tion  wave).  This  shock  is  followed  by  a  very 
steep  rarefaction  wave  due  to  the  small  booster 
and  divergent  geometry.  Sufficient  chemical 
reaction  must  be  initiated  ir.  the  LX-17  to  pre¬ 
vent  complete  failure  of  the  shock  wave  from 
LX-10  as  its  shock  pressure  decreases.  If  the 
shock-front  pressure  is  maintained  above  a 
critical  value  for  a  sufficient  time,  the  main 
TATB  reaction  occurs  and  a  spherically  diverg¬ 
ing  detonation  wave  that  gradually  approaches 
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Fig.  3.  Detonation  pressure  versus  sample  density  for  six  samples  of  LX-17  and  one  of  PBX-9502 
with  an  extreme  range  of  particle-size  distributions  as  shown  in  Figure  2  (The  tests  were  made  with 
an  electric  gun  with  25.4  mm  diameter  flyers  and  a  pulse  length  of  about  80  ns.) 


CJ  velocity  is  produced  in  the  LX-17  charge 
Figure  4  illustrates  the  calculated  failure  of  a 
12  mm  radius  LX- 10  charge  to  initiate  LX-17 
by  the  decay  of  the  pressure-time  profiles  at 
various  distances  into  LX-17.  Figure  5  il¬ 
lustrates  the  successful  initiation  of  LX-17  by 
a  14  mm  radius  hemisphere  of  LX-10,  with 
similar  pressure-time  profiles.  The  calculated 
LX-17  detonation  wave  velocity  as  a  function 
of  spherical  propagation  distance  from  a  15.9 
mm  radius  LX-10  charge  agrees  with  the  ex¬ 
perimental  data  of  Bahl  et  al.  (10). 

THIN  PULSE  EXPERIMENTS 

The  short  duration  pulses  produced  by  the  im¬ 
pact  of  Mylar  or  Kapton  flyer  plates  accelerated 
by  electrically  exploded  aluminum  foils  are  in 
the  same  high  pressure  regime  as  the  booster 
pulses  but  are  planar,  one-dimensional  and  flat 
topped.  The  decay  of  the  pressure  behind  the 
Mylar  plate  depends  on  its  acceleration  history, 
the  amount  of  electrical  energy  used,  and  the 
presence  of  remaining  aluminum  vapor.  For  con¬ 
servative  modeling  purposes,  the  Mylar  flying 
plates  were  assumed  to  be  fully  accelerated  with 
no  vaporized  material  behind  them.  The 


experimental  threshold  velocity  data  of 
Honodel  et  al.  (11)  for  LX-17  subjected  to  five 
Mylar  thicknesses  from  0.051  mm  to  1.27  mm 
is  listed  in  Table  5  along  with  the  calculated 
threshold  velocities  for  10  mm  thick  samples  of 
LX-17.  The  agreement  between  calculation  and 
experiment  is  good  except  that  the  calculations 
do  not  initiate  for  the  thinnest  Myler  flyer.  For 
this  0.051  mm-thick  flyer  accelerated  to  a  veloci¬ 
ty  of  7.7  km/s,  the  calculated  initial  pressure  in 
LX-17  is  approximately  54  GPa  and  the  pulse 

TABLE  5 

Comparison  of  Experimental  and  Calculated 
Threshold  Velocities  for  Thin  Pulse  Initiation 
of  LX-17 


Mylar  Flyer 
Thickness 
(mm) 

Experimental 
Threshold 
Velocity  (km/s) 

Calculated 
Threshold 
Velocity  (km/s) 

0.051 

7.7  ±0.5 

>10.0 

0.127 

5.1510.25 

5.510.1 

0.254 

4.4  ±0.2 

4.510.1 

0.508 

4.1  ±0.15 

3.810.1 

1.27 

3.6  ±0.2 

3.410.1 
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Fig.  4.  Calculated  pressure  profiles  in  LX-17 
from  a  12  mm  radius  LX-10  booster 


Fig.  5.  Calculated  pressure  profiles  in  LX-17 
from  a  14  mm  radius  LX-10  booster 
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Fig.  7.  Pressure  histories  in  LX-17  for  a  10.5 
GPa  sustained  shock  wave  experiment 


Fig.  8.  Pressure  histories  in  LX-1 7  for  a  16  GPa 
sustained  shock  wave  experiment 


Fig  6.  Pressure  histories  in  LX-17  for  an  8.4  Fig.  9.  Presure  histories  in  LX-17  fora  10.8  GPa, 
GPa  sustained  shock  wave  experiment  0.35  us  shoe  a  wave 


duration  is  approximately  7  ns.  Even  though 
approximately  60%  of  the  LX-17  in  the  first 
computational  zone  reacts,  the  pressure  decay 
is  so  rapid  that  the  subsequent  pressure-de- 
pendent  reaction  cannot  continue.  If  a  small 
amount  of  aluminum  vapor  at  a  density  of  ap¬ 
proximately  1  g/cra3  is  assumed  to  be  pushing 
the  Mylar  flyer,  a  calculated  detonation  in 
LX-17  can  be  produced  with  a  Mylar  flyer 
velocity  of  7.7  k/ms.  Although  this  ultra  high 
pressure,  very  short  pulse  duration  test  remains 
a  calculations!  problem,  the  current  model  ac¬ 
curately  predicts  the  remaining  threshold 
velocities  for  pressures  up  to  30-40  GPa  and 
shock  pulse  durations  as  short  as  20-30  ns. 

EMBEDDED  GAUGE  EXPERIMENTS 
ON  LX-17 

While  accurate  simulation  of  these  ultra  high 
pressure,  very  short  duration  shock  initiation 
tests  is  important  for  assessments  for  initiation 
reliability,  the  more  difficult  task  of  modeling 
lower  pressure,  single  and  double  3hock  pulse 
initiation  is  essential  to  hazard  and  vulnerabili¬ 
ty  assessments.  Although  this  relatively  sim¬ 
ple  phenomenological  ignition  and  growth 
model  cannot  be  expected  to  perfectly  simulate 
every  shock  initiation  and  detonation  experi¬ 
ment,  we  have  attempted  to  calculate  all  of  the 
available  experimental  data  and  simulate  it  as 
well  as  possible.  Previously  only  run  distance 
to  detonation  versus  sustained  shock  pressure, 
embedded  manganin  pressure  gauge  data  from 
sustained  shock  experiments  at  pressures  above 
11.6  GPa,  and  two-dimensional  initiation/fail¬ 
ure/divergence  data  were  available  for  LX-17  (4, 
5).  Embedded  manganin  pressure  gauge  records 
from  experiments  using  lower  and  higher  sus¬ 
tained  shock  pressures  and  single  and  double 
short  duration  shocks  are  reported  and  modeled 
in  this  paper.  To  accurately  simulate  multiple 
manganin  gauge  results,  the  details  of  the 
relatively  thick  gauge  packages  (typically  1  mil 
of  manganin  sandwiched  between  5-mil-thick 
Teflon  insulation  layers)  must  be  included  in  the 
finely  zoned  calculations.  The  embedded  parti¬ 
cle  velocity  gauges  (12)  are  much  thinner 
(generally  0.025  mm  of  aluminum  surrounded 
by  0.025  mm  of  Teflon)  and  thus  perturb  the 
reactive  flow  less  than  the  thicker  manganin 
gauges.  Use  of  a  combination  of  gauges  also 
allows  us  to  do  Lagrange  analysis  (13)  of  the 


flow.  However,  the  particle  velocity  gauges  re¬ 
quire  a  magnetic  field  that  cannot  be  broken  by 
a  metallic  flying  plate.  A  nonmetallic  (ceramic) 
flying  plate  material  has  been  obtained  that  can 
be  driven  fast  enough  in  our  four-inch  gas  gun 
to  yield  the  high  pressures  required  for  LX-17. 
Two  examples  of  multiple  embedded  particle 
velocity  records  in  double  shock  pulse  experi¬ 
ments  in  LX-17  are  also  reported. 

The  pressure-time  curves  calculated  using  the 
modified  ignition  and  growth  model  parameters 
for  LX-17  are  compared  to  two  embedded  mang¬ 
anin  gauges  records  at  depths  of  2  and  15  mm 
for  a  sustained  8.4  GPa  shock  experiment  in 
Fig.  6.  At  this  low  impact  pressure,  LX-17  ex¬ 
hibits  some  ignition  near  the  shock  front  and 
a  small  amount  of  growth  of  this  reaction  well 
behind  the  shock.  The  excellent  agreement  be¬ 
tween  the  calculations  and  the  experimental 
records  results  in  part  from  the  use  of  the 
critical  compression  required  for  any  ignition 
parameter  (labeled  a.  in  Reference  9).  This 
parameter  is  set  equal  to  0.22  corresponding  to 
a  shock  pressure  of  approximately  6.5  GPa  for 
the  LX-17  unreacted  equation-of-state.  Allow¬ 
ing  no  ignition  of  reaction  for  initial  shock 
pressures  below  6.5  GPa  is  consistent  with  the 
experimental  data  of  Green  (14),  who  observed 
no  shock-to-detonation  transitions  in  102  mm 
thick  LX-17  charges  below  7  GPa,  and  of  Von 
Holle  et  al.  (15),  who  observed  little  or  no  emis¬ 
sion  of  infrared  radiation  from  high  density 
TATB  explosives  shocked  to  6-7  GPa.  The  abili¬ 
ty  of  the  calculations  to  reproduce  fine  details 
of  the  pressure  profiles  produced  by  the  interac¬ 
tion  of  the  LX-17  reactive  flow  and  the  finite 
thickness  gauges  indicates  that  the  manganin 
gauges  are  faithfully  recording  the  pressure 
profiles. 

Figure  7  shows  a  comparison  of  measured  and 
calculated  pressure  histories  at  0,  5, 10,  and  15 
mm  into  LX-17  shocked  to  approximately  10.5 
GPa  with  a  sustained  pulse.  Both  the  increase 
in  shock  front  pressure  and  the  growth  of  reac¬ 
tion  behind  the  shock  agree  closely.  This  model 
also  accurately  calculates  the  previously  re¬ 
ported  pressure  histories  (4. 5)  measured  in  five 
experiments  with  sustainr  ,  shock  impact  pres¬ 
sures  of  11.5-12  GPa.  A  ft  J  check  of  this  model 
for  sustained  shocks  is  shown  in  Fig.  8  for  a  16 
GPa  impact  pressure  experiment  with  2,  4,  and 
10  mm  deep  manganin  gauge  packages. 


1053 


t 


In  the  LX-17  short  pulse  experiments,  high 
density  A1203  ceramic  flyers  were  used  to  im¬ 
pact  a  similar  buffer  in  contact  with  the  ex¬ 
plosive.  The  flyer  velocity  and  thickness  were 
varied  to  obtain  embedded  manganin  gauge 
records  of  a  rapidly  failing  shock  front,  a  slow¬ 
ly  failing  shock,  and  a  shock  to  detonation  tran¬ 
sition  in  LX-17.  Figure  9  shows  the  comparison 
between  the  calculated  and  expeiimentally 
measured  pressure  histories  at  0,  5, 10, 17  and 
22  mm  depths  in  the  rapidly  failing  experiment 
in  which  a  2.5  mm  thick  ceramic  impacts  the 
ceramic  buffer  and  LX-17  at  1.55  km/s.  This  im¬ 
pact  produces  a  10.8  GPa,  0.35  ps  shock  which 
ignites  approximately  2  percent  of  the  LX-17 
in  the  first  zones  of  the  calculation.  The 
calculated  fraction  reacted  in  this  region  reaches 
only  5  percent  in  8  ps,  the  decaying  shock  ig¬ 
nites  less  LX-17  as  its  pressure  decays.  The 
agreement  between  calculation  and  experiment 
for  the  rate  of  shock  front  decay  is  good.  The 
calculations  predict  well-defined  subsequent 
weaker  shocks  that  perhaps  are  smeared  out  by 
more  chemical  reaction  in  the  experiment. 
Figure  10  contains  a  similar  comparison  for  the 
more  slowly  decaying  shock  experiment  in 
which  a  4  mm  thick  flyer  impacted  at  the  same 
velocity,  1.55  km/s.  During  this  0.6  ps-pulse 
duration,  approximately  3.5%  of  the  LX-17  near 
the  buffer  plate  ignited  but  grew  to  only  9%  in 
8  ps.  The  calculated  shock  front  decay  and 
pressure  profiles  behind  the  shock  are  lower 
than  the  experimental  records,  indicating  that 
the  slow  growth  of  reaction  behind  the  front  was 
underestimated  in  this  calculation.  This  type  of 
quantitative  data  from  marginal  shock  initia¬ 
tion  experiments  can  thus  be  very  useful  in  nor¬ 
malizing  slow  growth  of  reaction  rates  in 
various  pressure  regimes.  The  third  single  pulse 
experiment  used  a  4  mm  thick  flyer  driven  to 
a  velocity  of  1.69  km/s,  and  the  subsequent  12 
GPa,  0.6  ps  shock  produced  a  detonation  in  the 
16  mm  thick  LX-17  charge.  Figure  11  contains 
the  gauge  records  and  calculation  at  0,  3,  6  and 
16  mm  depths.  In  all  of  these  experiments  a 
KCl  crystal  was  placed  behind  the  LX-17  for 
use  as  a  window  for  a  combined  infrared 
radiometry  experiment.  The  calculation  correct¬ 
ly  predicts  a  detonation  at  16  mm  and  matches 
the  shallow  depth  gauge  records  fairly  well.  Ad¬ 
ditional  experiments  are  planned  for  different 
initiation  conditions  with  gauges  embedded 
deeper  into  the  rapid  reaction  region. 


Two  ceramic  plates  separated  by  different 
thicknesses  of  carbon  foam  were  used  to  pro¬ 
duce  two  shocks  separated  by  a  rarefaction 
wave  in  LX-17.  One  double  pulse  experiment 
produced  two  11  G  ?a,  0.3  ps  shocks  separated 
by  0.6  ps.  The  embedded  particle  velocity  gauge 
records  and  the  corresponding  calculations  at 
0, 7, 12  and  20  mm  into  LX-17  are  shown  in  Fig. 
12.  The  calculated  fraction  reacted  in  the  first 
LX-17  zone  is  2%  ignited  by  the  first  shock,  an 
additional  3%  ignited  by  the  second  shock,  and 
14.5%  after  8  ps.  The  measured  two-shock, 
mainly  unreacted  profile  is  clearly  reproduced 
by  the  calculations,  although  there  are  differ¬ 
ences  in  the  minimum  and  maximum  particle 
velocities  in  various  regions.  These  differences 
are  most  likely  due  to  a  lack  of  knowledge  of  the 
equation-of-state  of  the  ceramic  material  which 
is  currently  being  studied.  A  higher  impact 
pressure  experiment  with  a  longer  time  between 
shock  pulses  produced  a  greater  degree  of  reac¬ 
tion.  The  particle  velocity  histories  produced  by 
11.5  GPa  shocks  separated  by  3  ps  at  the  0,  3, 


Fig.  10.  Pressure  histories  in  LX-17  for  a  10.8 
GPa,  0.6  [is  shock  wave 


Fig.  11.  Pressure  histones  in  LX-17  for  a  12 
GPa,  0.6  ps  shock  wave 


Fig.  12.  Particle  velocity  histories  in  LX-17  for 
a  double  shock  wave  experiment  consisting  of 
11  GPa  shocks  separated  by  0.6  ps 


Fig.  13.  Particle  velocity  histories  in  LX-17  for 
a  double  shock  wave  experiment  consisting  of 
11.5  GPa  shocks  separated  by  3ps 

6,  9  and  14  ram  depths  of  LX-17  are  shown  in 
Fig.  13.  The  fraction  reacted  in  the  first  LX-17 
zone  wa3  2%  ignited  by  the  first  shock.  It  grew 
to  10%  in  the  ?  ps  between  shock  pulses, 
jumped  to  12%  during  the  second  pulse,  and 
grew  slowly  to  34%  after  8  ps.  Both  the  gauges 
and  calculations  show  a  decrease  in  initial  shock 
strength  followed  by  considerable  reaction 
behind  the  second  shock  pulse.  The  close  agree¬ 
ment  between  experiment  and  theory  at  the  14 
mm  depth  indicates  that  the  complex  interac¬ 
tion  of  tho  reactive  flow  with  the  applied 
hydrodynamic  motion  is  being  accurately  meas¬ 
ured  and  calculated. 

CONCLUSIONS 

The  results  presented  in  this  paper  indicate 
that  a  great  deal  has  been  learned  experimen¬ 
tally  and  theoretically  about  the  complex  shock 
initiation  properties  of  LX-17.  However,  in 


order  to  completely  understand  thin  pulse  in¬ 
itiation  of  plastic  bonded  TATB,  we  need  fur¬ 
ther  research  using  the  most  appropriate  new 
techniques.  The  recently  developed  embedded 
gauge  techniques,  shock  initiation  models,  and 
other  modem  experimental  techniques,  such  as 
infrared  radiometry  and  Fabry-Perot  laser  inter¬ 
ferometry,  provide  the  finely  time  resolved  tools 
required  to  accomplish  this  task  of  understand¬ 
ing  chemical  energy  release  in  LX-17  and  other 
insensitive  high  explosives. 
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DISCUSSION 

MANFRED  HELD,  MBB  APPARATE,  FRG 

Have  you  measured  the  arrival  time  and 
pressure  (or  pressure-time  history)  of  your 
hemispherical  booster?  In  my  opinion  your  not- 
hemispherical  output  reflects  the  unsymmetry 
of  the  booster. 

REPLY  BY  KERRY  BAHL 

We  used  a  streak  camera  to  record  the  time 
profile  of  the  shock  arrival  at  the  hemispherical 
surface  of  the  booster  as  well  as  at  the  surface 
of  the  acceptor  HE.  The  two  profiles  are  not 
necessarily  similar.  For  instance,  for  a  cold,  8.5 
mm  radius,  LX-07  booster,  the  shock  breaks  out 
first  at  52°  on  both  sides  of  the  booster  pole  and 
quickly  spreads  to  the  pole  and  waist.  Whereas, 
for  a  cold,  *')  mm  thick,  coarse-particle,  PBX- 
9502  accepior  charge  over  the  same  booster,  the 
shock  front  breaks  out  first  at  the  pole,  and  the 
total  region  of  detectable  reaction  only  grows  to 
51  °  or  52°  on  both  sides  of  the  pole.  The  initia¬ 
tion  and  propagation  of  detonation  in  TATB  ac¬ 
ceptor  charges  are  affected  by  the  particle-size 
distribution  and  temperature  of  TATB,  as  well 
as  by  the  shape,  size  and  detonation  pressure  of 
the  booster. 

DISCUSSION 

G.D.  COLEY,  AWRE,  UK 

How  much  of  the  decrease  in  the  sensitivity 
of  TATB  PBX  with  temperature  can  be  ex¬ 
plained  in  terms  of  charge  densification? 

REPLY  BY  R.  LEE 

A  temperature  change  from  20  °C  to  -54°C 
gives  about  a  1%  change  in  density.  At  1.8 


g/cm3  density,  where  the  density-threshold 
curve  is  relatively  flat,  the  increase  in  threshold 
pressure  due  to  a  1%  density  increase  would  on¬ 
ly  be  about  20%  of  the  observed  change  between 
20  °C  and  —  54  °C.  Furthermore,  it  is  difficult  to 
understand  how  a  temperature-induced  density 
change  would  affect  the  sensitivity.  Even  though 
the  density  is  higher  at  the  lower  temperature, 
the  number  of  voids  is  the  same,  and  average 
void  size  is  only  decreased  by  1%. 

DISCUSSION 

M.M.  CHAUDHRI,  Cavendish  Laboratory,  UK 

You  indicated  a  strong  particle  size  effect  — 
the  ultrafine  particles  (<  10  micrometers)  show¬ 
ing  a  much  more  sensitive  behavior  than  the 
large  particle  charges.  Would  you  comment  on 
whether  this  effect  is  due  to  the  size  of  the  in¬ 
terstices  or  due  to  the  grains  themselves? 

REPLY  BY  R.  LEE 

In  another  paper  presented  at  this  meeting,  we 
showed  results  of  mercury  intrusion  porosimetry 
measurements  on  pressed  TATB  pellets  of 
various  densities.  For  densities  in  the  1.4-1.6 
g/cm3  range,  there  was  only  a  modest  increase 
in  threshold  with  increasing  density  of  the 
charge,  even  though  there  was  a  large  decrease 
in  average  void  size  as  determined  from  the 
porosimetry  measurements.  This  would  lead  one 
to  conclude  that  the  average  void  size  is  not  the 
controlling  mechanism  for  the  shock  sensitivity 
of  TATB  in  this  density  range.  The  porosimetry 
results  were  more  questionable  for  densities  of 
1.8  g/cm3  and  higher,  so  a  conclusion  is  more 
speculative,  but  my  feeling  is  that  average  void 
size  is  not  the  controlling  factor. 


THE  SHOCK  DENSENSITIZATION  OF  PBX-9404  AND  COMPOSITION  B-3 


AAV.  Campbell  and  J.R.  Travis 
Los  Alamos  National  Laboratory 
Group  M-3,  MS  J960 
Los  Alamos,  New  Mexico  87545 


PBX-9404  and  Composition  B-3  were  desensitized  by  subjecting  them 
to  shock  in  the  pressure  range  10  to  24  kbar.  Results  show  that  the 
collapse  of  voids,  and  thus  the  activation  of  hot  spots  by  shock  waves, 
takes  time  and  may  require  more  than  5  ps.  This  time  is,  in  a  way, 
a  counterpart  of  the  induction  time  for  shock  initiation  of  a 
homogeneous  explosive.  Gittings  ’  data  are  adduced  to  extend  the 
results  to  100  kbar  and  to  show  that  at  high  pressures  desensitiza¬ 
tion  occurs  in  a  very  brief  time  "window”. 

When  the  voids  have  been  collapsed,  the  relatively  homogeneous  ex¬ 
plosive  is  resistant  to  detonation  through  an  Arrhenius  type  of  reac¬ 
tion  because  of  the  lower  shock  temperature  resulting  from  double 
shocking.  This  conclusion  is  supported  by  experiments  on  single 
crystals  of  HMX  and  by  shock  temperature  calculations. 

The  time  required  for  desensitization  of  PBX-9404  is  related  to 
pressure  by  the  expression  p  2-2T=1150. 


INTRODUCTION 

Often,  explosive  charges  which  have  been 
subjected  to  a  shock  wave  of  low  amplitude  are 
undetonable.  This  desensitization  by  what  will 
be  referred  to  as  “preshock”  is  a  common 
observation. 

A  prominent  example  of  shock  desensitization 
occurs  in  blasting  rock  and  coal,  where  it  results 
in  leaving  undetonated  explosive  in  the  rubble 
(1).  Desensitization  is  caused  by  a  shock  wave 
which  is  generated  in  the  annulus  between 
blasting  explosive  and  the  bore  hole  and  which 
precedes  the  detonation  wave.  This  phenome¬ 
non  is  referred  to  as  the  "channel  effect"  and 
has  been  studied  extensively  (2,3). 

Another  field  in  which  shock  desensitization 
is  frequently  encountered  is  that  of  jet  attack 
of  explosive  behind  a  metal  barrier  as  in  the 
destruction  of  munitions  (4).  The  explosive  is 
preshocked  by  a  divergent  shock  wave  gener¬ 
ated  in  the  barrier  as  the  jet  penetrates  it. 
Although  the  high  particle  velocity  of  the  jet  im¬ 
pinging  on  the  .xplosive  may  cause  it  to  react 
locally,  the  reaction  does  not  propagate  as  a 


divergent  detonation  wave  in  the  surrounding 
preshocked  explosive. 

Drimmer  and  Liddiard  (5)  studied  preshock- 
'ng  in  thin  slabs  of  explosives  and  came  to  the 
conclusion  that  desensitization  resulted  from 
the  elimination  of  potential  hot  spots  through 
compression  of  the  explosive  beyond  the  densi¬ 
ty  corresponding  to  voidlessness.  In  a  study  of 
initiation  of  heterogeneous  explosives,  Camp¬ 
bell  et  al.  (6)  preshocked  PBX-9404  with  a  39 
kbar  shock  wave  and  then  attempted  to 
detonate  it  with  a  90  kbar  shock  wave  without 
success.  On  the  other  hand,  Tarzhanov  (7)  used 
similar  multiple  shocking  to  measure  the  deto¬ 
nation  velocity  of  shock-compressed  cast  TNT, 
and  Dunne  (8)  studied  Mach  waves  formed  in 
detonating  C-4  which  had  been  preshocked  with 
a  50  kbar  wave.  Recently,  Boyle  and  Piiarski  (9) 
subjected  pressed  and  cast  TNT  to  double 
shocking  and  found  that  the  first  shock  decreas¬ 
ed  the  response  of  the  explosive  to  the  second 
shock. 

We  have  encountered  shock  densensitization 
in  many  instances,  including  jet  attack  of 
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munitions,  explosive  logic  trains,  embedded 
detonators,  and  corner  turning.  Because  of  the 
variety  of  experience  with  preshocking  quoted 
above,  it  seemed  necessary  to  examine  pre¬ 
shocking  in  more  detail  and,  after  some  false 
starts,  we  developed  the  experimental  technique 
described  in  the  next  section. 


EXPERIMENTAL 

Two  explosives  were  studied  —  PBX-9404 
pressed  to  a  density  of  1.84  g/cm3  and  cast 
Composition  B-3*  at  a  density  of  1.70  g/cm3. 
These  densities  corresponded  to  about  2% 
voids. 


PBX-9404 


PLEXIGLAS 


-LIGHT  SOURCE 


Fig.  1.  Sketch  of  experiment  to  test  detonabiUty 
of  a  preshocked  slab  of  explosive 

Figure  1  shows  the  experimental  arrangement 
used  to  observe  quenching  of  detonation.  The 
subject  charge  consisted  of  two  squares  of  ex¬ 
plosive  arranged  to  form  a  slab  measuring 
101.6X203.2  mm  and  having  a  thickness  in  the 
range  2.54  to  12.7  mm.  This  slab  was  cemented 
to  a  larger  rectangle  of  Plexiglas  25.4  mm  thick, 
and  the  assembly  was  immersed  in  water  in  a 
carefully  measured  relationship  to  a  152.4  mm 
sphere  of  PBX-9205.**  which  served  as  a  shock 
generator.  This  generator  had  been  calibrated 


*PBX-9404: 94  wt%  HMX,  3%  nitrocellulose, 
3%  tris-beta  chloroethyl  phosphate,  0.1%  2, 
2-dinitropropyl  acrylate:  TMD=  1.873  g/cm3. 
Composition  B-3:  60  wt%  RDX,  40%  TNT; 
TMD= 1.737  g/cm3. 

♦♦PBX-9205:  92  wt%  RDX,  6%  polystyrene, 
2%  dioctyl  phthalate;  TMD=1.713  g/cm3. 


by  Hantel  and  Davis  (10),  and  we  used  their 
results  and  the  Hugoniot  data  for  water  of  Rice 
and  Walsh  (11)  to  calculate  pressures  in  the 
shocked  explosive.  Detonation  of  the  subject 
charge  and  of  the  shock  generator  was  timed  so 
that  as  the  detonation  wave  swept  downward 
in  the  slab  it  encountered  an  upward  spreading 
shock  wave.  Events  at  the  surface  of  the  sub¬ 
ject  charge  were  photographed  with  a  framing 
camera  having  a  capacity  of  15  frames  and  an 
interframe  time  of  0.4  ps. 

Figure  2  shows  two  frames  from  a  framing 
camera  record  of  an  experiment  on  PBX-9404 
in  which  the  input  pressure  at  the  locus  of 
quenching  was  13.3  kbar.  The  lower  101.6  mm 
square  of  explosive  and  part  of  the  upper  one 
are  visible  in  the  still  frame.  The  subject  was 
initiated  at  the  top  at  a  point  25.4  mm  from  the 
left  edge.  The  shock  generator  was  located  be¬ 
hind  the  slab  on  a  line  perpendicular  to  the  slab 
and  passing  through  a  point  51  mm  up  from  the 
bottom  and  12.7  mm  to  the  right  of  the  right 
edge.  Thus,  the  detonation  wave  spread 
downward  and  rightward  and  the  shock  wave 
spread  upward  and  leftward. 

Interpretation  of  the  action  frames  is  as 
follows.  At  the  discontinuity  labeled  A,  the 
detonation  and  shock  waves  met.  In  several  of 
the  experiments,  a  fine  bright  line  on  the  inner 
surface  of  the  Plexiglas  sheet  marked  this 
discontinuity  clearly.  The  preshock  wave,  in¬ 
dicated  by  B,  continued  to  spread  upward  and 
to  the  left  in  the  Plexiglas  and  the  detonation 
products.  The  detonation  wave  continued  to 
spread  downward  into  a  region  characterized  in 
the  print  by  the  presence  of  surface  bubbles,  C. 
After  penetrating  the  preshocked  region  for 
about  19.6  mm,  the  detonation  reaction  was 
quenched  abruptly.  Detonation  continued  to  the 
end  of  the  slab  in  a  narrow  zone  between  the  left 
edge  and  the  bubble  region. 

DATA 

From  the  events  recorded  in  this  and  similar 
experiments,  it  was  evident  that  appropriate 
shocking  caused  desensitization  of  explosive 
after  a  brief  time  lapse.  This  time  lapse,  T,  was 
calculated  in  the  following  way.  Measurement 
of  the  width  of  the  zone  between  A  and  C  of  Fig. 
2  was  made  along  line  F  connecting  the  point 
of  initiation  and  the  perpendicular  from  the 
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Fig.  2.  Framing  camera  sequence  showing  shock  desensitization  of  PBX-9404:  A-intersection  of 
preshock  and  detonation  waves;  B-preshock  wave  at  picture  time;  C-quenching  locus;  D-detonation 
wave  outside  quench  region;  E-illumination  artifacts;  F-length  of  detonation  run  through  preshocked 
explosive  ( Frames  show  entire  width  of  101.6  mm  PBX-9404  charge.  Very  bright  area  in  lower  right 
is  overexposed  and  looks  much  like  the  explosive  in  the  stilL) 


explosive  slab  to  the  center  of  the  shock 
generator.  The  time  difference  Ts,  between  the 
arrival  of  the  shock  wave  at  A  and  C,  was 
calculated  from  the  charge  geometry  and  the 
shock  velocity  in  water.  This  calculation  ne¬ 
glected  the  small  difference  in  the  two  paths  in 
the  explosive  and  the  largely  compensating  dif¬ 
ference  between  the  shock  velocities  in  water 
and  explosive.*  The  time  Tq  for  detonation  be¬ 
tween  A  and  C  was  calculated  at  the  increased 
density  of  the  shocked  explosive  by  use  of  the 
shock  Hugoniot  expressions 

Ug=2. 494  +  2.093  Up  (PBX-9404)  (12), 

Us=3.03+1.73  Up  (Comp  B-3)  (13), 

and  a  detonation  velocity  dependence  of  0.0035 
mm/ps/mg/cm3.  This  small  extension  of  the 
detonation  velocity  curve  has  been  shown  by 
Anderson  et  al.  (14)  to  be  valid  for  statically 
compressed  solid  explosives.  The  preshock  time 
t  is  thus 

t=ts+td. 


Results  of  these  calculations  and  the  input 
pressures  at  the  point  of  detonation  quenching 
are  listed  in  Table  1  and  are  plotted  on  the  right 
side  of  Fig.  3. 

On  the  left  side  of  Fig.  3  and  in  Tables  2  and 
3  are  data  of  Gittings  (15),  which  were  used  by 
Walker  and  Wasley  (16)  in  establishing  the  P2r 
criterion  for  the  critical  energy  of  initiation.  We 
have  combined  Gittings’  data  with  ours  because 
they  included  results  which  have  hitherto 
escaped  comment.  These  results  show  shock 
desensitisation. 

In  Gittings’  experiments  pellets  of  PBX-9404, 
usually  6.35  mm  thick,  were  struck  by  flying 
foils  of  aluminum  which  were  spalled  from  a 
driver  of  high  acoustic  impedance,  usually 
brass.  Arrival  of  a  foil  at  a  pellet  was  detected 
with  pins  set  flush  with  the  initial  surface  of  the 
pellet;  detonation  of  a  pellet  was  detected 

*A  detailed  calculation  with  rarefaction  was 
made  for  the  worst  case,  shot  C-3991,  and  the 
error  was  found  to  be  less  than  1%. 
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TABLE  1 

Shock  Desensitization 


Charge 

Input 

Densitization 

Thickness  P 

ressure 

T  ime 

Shot  No. 

(mm) 

(kbar) 

(ms) 

I 

PBX-9404 

I  C-4046 

2.54 

23, 7 

0.87 

C-  39  83 

6.35 

19.0 

2.08 

C-4036 

8.46 

16.9 

1.85 

1-39  85 

8.46 

13.3 

4.81 

C  -  39  34 

8.46 

13.3 

4.64 

C  —  39  89 

8.46 

12.1 

4.93 

r- 399  1 

8.46 

10.3 

5.39 

C-3996 

8.46 

7 .  i 

deton  ated 

Composition 

8-3 

C-4056 

6.35 

24.5 

0.89 

C-4003 

12.70 

14.5 

3.69 

C  —  3999 

8.46 

10.8 

detonated 

r  (us) 


Fig.  3.  Plot  of  data  taken  with  shock  waves  generated  in  water  and  Gittings  data  taken  in  vacuum 


with  ionization  pins  in  contact  with  the  back 
surface  of  the  pellet. 

Gittings’  data  as  presented  here  include 
pressures  we  have  calculated  with  the  above- 
mentioned  Hugoniot  expiession  for  PBX-9404 
and  the  Hugoniot  data  of  McQueen  et  ai  (17) 
for  2024  aluminum 

1^=5.328+ 1.338Up. 

We  also  have  made  small  changes  to  Gittings’ 
shock  duration  times  by  making  allowances  tor 
the  shortened  path  and  higher  sound  velocity 
encountered  by  the  relief  wave  in  the  shock 


compressed  aluminum. 

In  her  report,  Gittings  distinguished  detona¬ 
tion  of  a  pellet  by  impact  of  a  foil  from  detona¬ 
tion  by  impact  of  the  massive  driver.  Thus,  her 
data  could  be  divided  into  two  groups. 
However,  in  a  few  instances  the  pellet  failed  to 
detonate  from  either  impact.  These  results  are 
indicated  in  Figs.  3  and  4  by  triangular  symbols. 
They  occur  on  the  dividing  line  between  the  two 
groups  of  data  and  represent  shock  desensitiza¬ 
tion  of  the  explosive  by  impact  of  the  foils.  Two 
results  for  pellets  *5.2  mm  thick  showed  only 
minor  ionization  and  indicated  densitization  of 
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TABLE  2 

Gatings’  Flying  Foil  Results  in  Vacuum 


Shot  No. 

Foil 

Velocity 

(mm/us) 

Foil  Thickness 
( 103  in.) 

P 

(kbar) 

(us) 

Result 

1260 

1.60 

4.6 

92 

0.037 

A 

1262 

1.61 

4.6 

92 

0.037 

A 

1262 

1.61 

6.7 

92 

0.045 

A 

1260 

1.61 

5.8 

92 

0.046 

A 

1336 

1  61 

5.9 

92 

0.047 

A 

1563* 

1.(2 

4.8 

106 

0.037 

A 

1563 

1.79 

4.8 

106 

0.037 

A 

1336* 

1.64 

5.9 

95 

0.047 

A 

1565 

1.78 

5.5 

106 

0.043 

0 

1565 

1.78 

5.5 

106 

0.043 

0 

1563* 

1.78 

5.5 

106 

0.043 

0 

1563 

1.78 

5.5 

106 

0.043 

0 

1381 

1.39 

10.3 

76 

0.084 

D 

1558* 

1.82 

5.6 

109 

0.043 

D 

1558 

1.82 

5.6 

109 

0.043 

0 

1553 

1.82 

5.6 

109 

0.043 

0 

1558* 

1.82 

5.6 

109 

0.043 

0 

1381 

1.39 

10.  3 

76 

0.084 

0 

1384 

1.40 

10.3 

77 

0.084 

B 

1583** 

0.  75 

49 .5 

35 

0.436 

C 

1583** 

0.75 

49.5 

35 

0.436 

C 

1260 

1.61 

7.9 

92 

0.063 

D 

1262 

1.64 

7.8 

95 

0.062 

D 

1336 

1.66 

7.8 

96 

0.062 

0 

1381 

1.38 

12.0 

75 

0.098 

0 

1562 

1.80 

8.1 

107 

0.063 

0 

1562 

1.80 

8.1 

107 

0.063 

0 

1574* 

0.  78 

62.3 

37 

0.546 

D 

1574* 

0.78 

62.3 

37 

0.546 

0 

1565 

1.80 

10.0 

107 

0.078 

0 

1565 

1.80 

10.0 

107 

0.078 

0 

1562 

1.76 

12.3 

104 

0.096 

0 

1562 

1.76 

12.3 

104 

0.096 

0 

1368- 

1 . 79 

9.3 

106 

0.072 

0 

1379- 

1.43 

10.4 

79 

0.084 

0 

1379- 

1.42 

12. 

78 

0.097 

D 

1381- 

1.39 

12.0 

76 

0.098 

0 

1384- 

1.40 

10.  3 

77 

0.084 

A 

1384- 

1.40 

10.3 

77 

0.084 

B 

A  Detonated  by  driver 

B  Desensitized 

C  Weak  ionization  signal 

D  Detonated  by  foil 
*  0.375-in.-thick  pellet 
**  0.6-in.-thick  pellet  0.8-in.  diam. 

—  Unpublished  data  supplied  by  Elizabeth  Gittings 

Marshall 

almost  the  entire  pellets  despite  the  increased 
thickness. 

In  Fig.  4  and  Table  3  data  from  similar  ex¬ 
periments  in  a  methane  atmosphere  are  pre¬ 
sented.  Because  of  the  precursor  shock  in  the 
methane,  all  of  these  data  are  shifted  towards 
higher  pressures  and  longer  times  relative  to  the 
corresponding  data  in  Fig.  3,  which  were  ob¬ 
tained  in  vacuum. 

In  Fig.  3,  the  straight  line  is  the  result  of  fit 


ting  Gittings’  data  for  densitization  and  our 
data  by  the  method  of  least  squares.  The  expres¬ 
sion  for  this  curve  is 

p2.2T=H50, 

where  P  is  expressed  in  kilobars  and  r  in  micro¬ 
seconds.  A  portion  of  this  curve  is  also  plotted 
in  Fig.  4. 

HOMOGENEOUS  DETONATION 

When  preshocked  explosive  fails  to  detonate 
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TABLE  3 

Gittings’  Flying  Foil  Results  in  Methane 


Foil 

Velocity 

Foil  Thickness 

P 

t 

Shot  No. 

(mm/us) 

{ 103  in) 

( kbar ) 

(us) 

Result 

1239 

1.61 

1.0 

92 

0.032 

A 

1242 

1.61 

4.2 

92 

0.033 

A 

1237 

1.59 

4.7 

91 

0.037 

A 

1272 

1.57 

5.7 

90 

0.045 

A 

1239 

1.61 

5.6 

92 

0.044 

A 

1233 

1.61 

5,7 

92 

0.045 

A 

1240 

1.85 

4.  1 

111 

0.032 

A 

1242 

1.62 

5.7 

112 

0.045 

A 

1240 

1.86 

4.7 

112 

0.036 

A 

1235 

2.02 

4.3 

125 

0.033 

A 

1225 

2.05 

4.3 

128 

0.032 

B 

1272 

1.58 

7.7 

90 

0.061 

B 

1239 

1.61 

7.7 

92 

0.061 

B 

1226 

2.09 

4.3 

131 

0.032 

8 

1222 

2.02 

4.6 

125 

0.035 

0 

1229 

1.61 

7.9 

92 

0.063 

0 

1242 

1.62 

7.8 

93 

0.062 

0 

1233 

1.62 

7.8 

93 

0.062 

0 

1240 

1.87 

5.8 

113 

0.045 

0 

1272 

1.58 

9.1 

90 

0.072 

D 

1224 

2.04 

5.2 

127 

0.039 

0 

1235 

2.03 

5.3 

126 

0.040 

0 

1226 

2.04 

5.3 

127 

0.040 

0 

1233 

1.63 

9.3 

94 

0.074 

0 

1225 

2.05 

5.8 

128 

0.044 

0 

1237 

1.61 

12.0 

92 

0.95 

D 

1225 

2.02 

7.8 

125 

0.059 

0 

1224 

2.03 

9.4 

125 

0.071 

0 

1222 

2.04 

9.6 

127 

0.072 

0 

1229 

1.65 

16.1 

96 

0.127 

0 

1226 

2.03 

16.2 

126 

0.122 

0 

A  Detonated 

by 

driver 

8  Desensitized 

0  Detonated 

by 

foil 

from  a  strong  shock,  there  are  at  least  two  ex¬ 
planations:  shock  heating  is  insufficient  to  in¬ 
itiate  the  Arrhenius  type  of  reaction,  or  the 
charge  thickness  is  below  the  critical  value  for 
the  propagation  of  such  a  reaction.  In  the  lat¬ 
ter  case  “dark"  waves  originating  at  the  boun¬ 
dary  interrupt  the  reaction.  In  shot  C-3999,  the 
Composition  B-3  continued  to  detonate  after 
preshocking  but  showed  surface  indications  of 
homogeneous  detonation.  We  conclude  that,  in 
the  shots  in  which  Composition  B-3  failed  to 
detonate,  the  charges  were  above  critical 
thickness,  but  shock  heating  by  the  second 
shock  was  insufficient  to  initiate  detonation 
promptly.  In  shot  C-3996  indications  of 
homogeneous  detonation  were  not  observed  for 
PBX-9404;  however,  the  time  allowed  for  desen- 


sitizaton  was  marginal.  From  the  fit  to  the  other 
data,  the  time  required  was  15.4  [is,  while  the 
elapsed  time  at  the  last  frame  was  13.3  [is. 

To  explore  the  insensitivity  of  preshocked 
PBX-9404  to  initiation  by  strong  shock  waves, 
Bobby  Craig  and  we  performed  some  ex¬ 
periments  on  what  seemed  to  be  the  best 
substitute— single  crystals  of  HMX.  Prepared 
by  Howard  Cady  of  LANL,  the  crystals  were 
free  of  significant  voids.  These  experiments  con¬ 
sisted  of  determining  whether  prompt  detona¬ 
tion  could  be  initiated  in  a  crystal  by  detonating 
PBX-9404.  The  first  of  these  experiments  is 
sketched  in  Fig.  5.  An  HMX  crystal  13  mm  in 
diaia  and  6.6  mm  thick  wa3  placed  on  a  cylinder 
of  PBX-9404  25.4  mm  in  diam.  and  26  mm  high. 
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TABLE  4 

Single-Crystal  HMX,  qo=1.900  g/cm3 


Shot 

dumber 

P  (a) 

IGPal 

U  <b> 

0 

!Km/ sec ) 

1/2  b 
(Km/sec^) 

U$  <c> 
(Km/sec) 

U  <d> 
P 

(Km/sec ) 

x  (e>  t  <f) 
X0T  *0T 

(mm)  (nsec) 

Thickness  of 
Flyer  Plate 
(mm) 

E-3794 

42.0 

7.812 

-2.291 

7.55 

2.93 

0.80  0.11 

2.52 

£-3792 

35.8 

7.177 

+0. 191 

7.20 

2.61 

4.40  0.61 

7.4*9)  21.22  ^ 

3.53 

£-3796 

34.8 

7.357 

-0.016 

7.35 

2.49 

4.03 

(a)  i nTtTaT'sKock  pressure  fn  tiieTfflX'from  the  Impedance  match  solution. 

(b)  Parameters  from  the  fit  to  the  x-t  data  for  the  shock  front:  x/t  »  R0  + 

1/2  bt.  UQ  is  the  initial  shock  velocity  and  1/2  b  is  the  acceleration  if 
the  shock  is  plane  and  propagates  parallel  to  booster  axis. 

(c)  ll,  is  an  estimated  initial  shock  velocity  based  oi  the  assumption  that  the 
shock  advanced  at  a  constant  velocity  and  allowing  for  experimental 
complications. 

( d  )  Initial  particle  velocity. 

(e)  xpf  is  the  average  distance  at  which  detonation  overtook  the  shock  front  in 
the  crystal. 

(f)  tpf  is  the  average  time  at  which  detonation  overtook  the  shock  front  in  the 
crystal . 

(g)  Overtake  occum-  after  the  initial  shock  had  transited  the  crystal.  Tne 
crystal  was  7.4  fa'-i  thick,  tpj  includes  the  time  to  overtake  the  moving  free 
surface  of  the  crystal. 


TABLE  5 

Multiple  Shock  Calculations  for  PBX  9404 


First  Shock 
(kbar) 

Second  Shock 
(kbar) 

Temperature 

(K) 

Induction  Time* 

(  MS  ) 

360 

0 

1669 

0.05 

7 

360 

1442 

0.20 

10 

360 

1368 

0.35 

15 

360 

1267 

0.82 

20 

360 

1185 

1.87 

25 

360 

1118 

4.04 

50 

360 

917 

..4  -1 

84,  4 

*Sol id  HMX,  E  =  34.5  keal/g,  Z  =  4.0  x  104  ys'1 
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This  assembly  was  immersed  in  water,  and  the 
trarJt  time  of  the  shock  wave  induced  in  the 


Fig.  4.  Plot  of  Gittings  ’  data  taken  in  a  methane 
atmosphere  and  a  portion  of  the  fitted  curve  of 
Fig.  3  (The  boundary  between  data  for  detona¬ 
tion  by  a  flying  foil  and  detonation  by  the  driver 
is  displaced  upward  relative  to  similar  data 
taken  in  a  vacuum.) 


Fig.  5.  Test  of  the  initiability  of  an  HMX 
crystal  by  PBX-9404 

crystal  by  detonation  of  uie  PBX-9404  was 
recorded  with  a  rotating  mirror  camera.  Mea¬ 
surement  of  the  camera  record  gave  a  value  for 
the  onock  velocity  in  the  HMX  crystal  of 
6.25+0.2  mm/gs,  a  value  well  below  that  ex¬ 
pected  for  detonation  (>9  mmJps). 

In  the  second  experiment,  a  crystal  with 
similar  dimensions  was  placed  on  a  25.4-mm- 
thick  slab  of  PBX-9404  101.6  mm  diam.  and  in¬ 
itiated  by  a  plane-wave  lens  of  similar  diameter. 
This  arrangement  produced  a  better-supported 
shock  wave  and  allowed  more  opportunity  for 
the  successful  completion  of  an  induction  period 
in  the  initiation  of  the  HMX  crystal.  Transit 
time  of  the  shock  wave  in  the  crystal  was 
measured  with  an  ionization  switch  on  the  face 
of  the  PBX-9404  driver  and  a  mechanical  switch 
on  the  terminal  face  of  the  crystal.  In  addition, 


an  ionization  switch  made  of  two  strips  of 
aluminum  foil  was  placed  on  the  crystal  to 
detect  reaction.  The  whole  assembly  was  im¬ 
mersed  in  mineral  oil. 

Results  showed  again  that  the  crystal  did  not 
detonate.  The  mechanical  switch  gave  a  signal 
after  1.079  ps— a  time  which  corresponded  to 
a  shock  velocity  of  6.96  mmlps.  The  ionization 
switch  gave  a  slowly  rising  signal  at  1.112  ps, 
which  corresponded  to  a  shock  velocity  of  6.76 
mmlps. 

In  a  third  experiment,  a  large  HMX  crystal 
19  mm  thick  and  a  stack  of  two  6.35-mm-thick 
pieces  of  PBX-9404  were  placed  side  by  side  on 
a  6.35-mm-thick  slab  of  PBX-9404  initiated  by 
a  101.6-mm-diam.  plane-wave  lens.  This  assemb¬ 
ly  was  immersed  in  water  and  observed  by 
means  of  a  framing  camera  having  a  framing  in¬ 
terval  of  0.4  ps.  Again,  it  appeared  from  the 
record  that  the  HMX  crystal  did  not  detonate, 
while  the  pieces  of  PBX-9404  did. 

B.G.  Craig  then  performed  three  wedge  ex¬ 
periments  on  crystals  in  which  the  shock  pres¬ 
sures  entering  the  crystals  were  higher  than  that 
induced  by  detonating  PBX-9404.  Craig  has 
kindly  permitted  the  inclusion  of  his  results  here. 

Each  experimental  arrangement  consisted  of 
a  plane-wave  lens,  a  50  mm  slab  of  PBX-9404, 
a  thin  sheet  of  polyethylene,  a  flyer  plate  of 
magnesium,  a  free  run  space,  a  second  plate  of 
magnesium,  and  a  wedge-shaped  crystal  of 
HMX.  Use  of  a  smear  camera  allowed  measure¬ 
ment  of  the  free-surface  velocity  of  the  mag¬ 
nesium  plate  against  which  the  crystal  rested, 
the  shock  velocity  in  the  crystal,  time  of  over¬ 
take  of  the  shock  wave  by  superdetonation,  and, 
in  one  case,  an  estimate  of  the  detonation  veloci¬ 
ty  in  an  undisturbed  portion  of  the  crystal. 

Results  of  these  experiments  are  licted  in 
Table  4.  Two  difficulties  were  encountered  which 
prevented  the  results  from  being  as  satisfying 
as  was  hoped.  First,  the  very  high  pressure  ir. 
the  second  magnesium  plate  caused  rapid 
deterioration  of  its  polished  surface  so  that  the 
measurement  of  its  free-surface  velocity  was  not 
as  accurate  as  desired.  Also,  the  superdetonation 
light  in  the  shocked  portion  of  the  crystal  was 
not  bright  enough  to  be  recorded.  Consequent¬ 
ly,  the  induction  times  were  estimated  from  the 
overtake  times  by  assuming  a  superdetonation 
velocity  of  13  mm/us.  Induction  times  calculated 
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in  this  way  together  with  shock  temperatures 
estimated  by  Mader  (18)  using  the  method  of 
Walsh  and  Christian  are  as  follows: 

Pressure 

Induction 

Shock 

(kbar) 

Time  (ps) 

Temperature 

420 

0.05 

1810 

358 

0.272 

1489 

320 

failed 

1340 

From  these  data  Mader  also  calculated  the  ac¬ 
tivation  energy  and  the  frequency  factor  for  ther¬ 
mal  explosion  using  the  expression 
CRT2eE/RT  , 

QZE 

where  the  constants  C,  R,  and  Q  had  the  values 
0.40, 1.987,  and  800.  He  then  used  these  values 
of  E  and  Z  and  calculated  temperatures  for 
doubly-shocked  PBX-9404  to  estimate  induction 
times  over  the  range  of  pressures  covered  by  the 
data  in  Tables  1  and  2. 

The  induction  times  so  calculated  (Table  5) 
appear  to  be  of  the  right  order  of  magnitude  to 
agree  with  our  results;  the  calculated  tempera¬ 
tures  are  of  interest  because  they  illustrate  the 
reduction  in  shock  temperature  which  occurs  ,n 
double  shocking. 

DISCUSSION 

Hot  spot  formation  is  generally  accepted  as 
the  controlling  feature  responsible  for  the  in¬ 
creased  sensitivity  of  heterogeneous  explosives 
relative  to  homogeneous  ones.  By  such  processes 
as  shear  and  plastic  flow,  physical  defectc  con¬ 
vert  mechanical  energy  into  heat  and  attendant 
local  high  tempeiatures.  Chemical  reaction  oc¬ 
curs  first  at  these  hot  spots,  and  the  study  of 
the  kinetics  of  reaction  is  largely  the  study  of 
the  effects  of  hot  spots.  Voids  within  the  ex¬ 
plosive  are  a  common  source  of  hot  spots,  and 
a  measure  of  the  potential  for  hot  spots  is  the 
percentage  of  voids.  The  size  distribution  of 
voids  is  also  important,  as  is  witnessed  by  the 
relative  sensitivities  of  pressed  TNT  versus  cast 
TNT  at  the  same  void  content.  Scott  (19)  has 
shown  that  coarse-grain  compacts  of  PETN  are 
more  sensitive  than  fine-grained  ones, 
presumably  because  larger  hot  spots  are  created 
and  survive  under  marginal  conditions  of  initia¬ 
tion.  On  the  other  hand,  where  rapid  reaction  is 
desired  for  a  small  failure  diameter,  fine-grained 
explosives  are  needed. 


The  time  required  for  shock  activation  of  hot 
spots  is  often  assumed  to  be  approximated  by 
the  times  required  for  the  defect  to  be  traversed 
by  the  shock  wave.  The  combined  experimental 
results  reported  here  show  that  shock  desen¬ 
sitization  is  a  time-dependent  process.  Our  re¬ 
sults  in  water  reveal  that  when  PBX-9404  is 
desensitized  the  potential  hot  spots  can  , 
longer  be  effectively  activated,  even  by  the 
detonation  pressure  (ca.  360  kbar)  of  unshocked 
explosive.  This  reduction  in  response  to  double 
shocking  is  further  illustrated  in  Ref.  9. 

Gittings’  data  show  that  desensitization  is 
completed  over  a  very  short  time  interval.  If  one 
considers  a  succession  of  values  of  r  at  constant 
input  pressure  (Fig.  3),  one  sees  that  as  r  in¬ 
creases  toward  the  critical  value  the  brass  driver 
continues  to  detonate  charges  on  impact  until 
the  value  of  r  is  very  close  to  the  curve.  On  the 
other  side  of  the  curve,  very  soon  after  the 
critical  value  of  r  is  exceeded,  detonation  occurs 
from  impact  of  the  foil.  The  narrowness  of  the 
critical  region  is  further  illustrated  by  the  cluster 
of  data  at  an  input  pressure  of  77-79  kbar  and 
a  value  of  r  of  0.084  /is.  This  cluster  includes  five 
results— one  detonation  by  impact  of  a  foil,  two 
detonations  from  impact  of  the  driver,  and  two 
failures  to  detonate  from  either  impact.  The  nar¬ 
rowness  of  the  critical  region  was  responsible  for 
the  small  number  of  results  which  showed 
desensitization. 

Given  the  pressure-  and  time-dependence  of 
void  collapse  and  the  attendant  plastic  flow  and 
shear  processes  associated  with  the  formation  of 
hot  spots,  it  is  important  for  efficient  activation 
that  the  pressure  rise  be  abrupt.  Ramp  and 
stepped  shock  fronts  result  in  slower  collapse  of 
voids,  more  heat  loss  by  conduction,  and  activa¬ 
tion  of  fewer  hot  spots.  Gittings’  results  in  an 
atmosphere  of  methane  (Fig.  4)  fall  above  the 
curve  fitted  to  data  obtained  in  vacuum.  We 
believe  this  to  be  largely  due  to  the  precursor 
shock  in  methane.  On  the  other  hand,  Gittings’ 
pointed  out  that  the  foils  may  have  been 
distorted  by  pressure  buildup  between  foil  and 
pellet  and  that  this  bending  could  have  led  to  ear¬ 
ly  contact  of  the  foils  with  pins.  This  effect  would 
have  increased  the  observed  value  of  t.  We 
believe  this  to  be  a  subsidiary  effect,  since  it 
could  occur  only  after  significant  pressure 
buildup  between  foil  and  peiiet. 
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The  value  of  r  obtained  from  the  fit  to  the  data 
p2.2T=ii50 

is  the  time  necessary  for  complete  activation  of 
all  hot  spots  potentially  available  at  the  input 
pressure  P.  It  thus  acts  as  the  induction  time 
for  a  self-propagating  reaction.  However, 
dependence  of  t  on  pressure  raised  to  a  power 
greater  than  2  emphasizes  the  importance  of  the 
initial  shock  pressure.  The  necessity  of  an  induc¬ 
tion  period  and  the  importance  of  the  initial 
shock  pressure  were  conclusions  reached  by 
Wackerle,  et  at.  (20)  in  a  combined  experimen¬ 
tal  and  calculational  study  of  the  initiation  of 
PBX-9404.  Time  dependent  relaxation  of  ex¬ 
plosive  is  also  in  agreement  with  the  elastic- 
plastic  behavior  observed  by  Kennedy  (21)  for 
PBX-9404. 

In  view  of  the  results  and  discussion  presented 
here,  it  seems  desirable  to  regard  the  PnT 
criterion  not  as  describing  a  critical  energy  in¬ 
put  but  as  specifying  the  requirements  for  ac¬ 
tivating  hot  spots  necessary  to  self-propagating 
detonation. 
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DISCUSSION 

M.S.  SAMIRANT,  ISL,  France 

Ten  years  ago  we  prepared  single  crystals  of 
explosives  (PETN,  RDX,  HMX).  Even  with  a 
very  energetic  booster  RDX  and  HMX  fail  to 
sustain  detonation.  Schnur  (NRL)  showed  that 
the  C-J  conditions  don’t  deliver  enough  energy 
to  sustain  a  detonation  wave  in  a  perfect  u-ystal 
of  HMX  and  RDX. 


REPLY  BY  CAMPBELL  AND  TRAVIS 

Shock  initiation  of  a  propagating  detonation 
in  a  secondary  explosive  requires  that  the  charge 
to  be  initiated  have  a  diameter  which  exceeds  the 
critical  value.  Near  this  critical  value,  the  in¬ 
itiating  shock  must  produce  in  the  explosive  a 
shock  wave  having  a  pressure  of  amplitude  and 
duration  ard  a  radius  of  curvature  all  equaling 
or  exceeding  the  corresponding  values  in  a  pro- 
pagsVng  detonation  wave. 

In  our  experiments  with  monocrystals  of 
HMX,  We  found  that  they  could  not  be  initiated 
with  the  C-J  pressure  of  PBX-9404  (Ca.  360 
kbar),  which  contained  94  wt.%  of  HMX  and  had 
an  over-all  density  of  1.84  g/cm3.  However, 
Craig  found  that  they  could  be  initiated  with  a 
flat-topped  shock  wave  of  420  kbar  amplitude 
and  observed  an  induction  time  of  about  0.05/us. 

We  rationalized  fhe  difference  in  results  ob¬ 
tained  by  the  two  methods  of  initiation  by 
assuming  that,  in  the  case  of  PBX-9404,  the  von 
Neumann  spike  pressure,  because  of  the 
heterogeneity  of  this  explosive,  either  did  not  ap¬ 
proximate  420  kbar  or  was  not  maintained  long 
enough  to  satisfy  the  induction-time  requirement 
of  HMX.  The  spike  pressure  of  HMX,  suggested 
by  extension  of  Craig’s  observations  to  a  shock 
velocity  of  9.11  nrnjfjs  or  by  calculation  with  the 
derived  shock  Hugoniot  of  Olinger,  exceeds  420 
kbar.  These  considerations  suggest  that  HMX 
will  detonate  if  the  crystal  diameter  exceeds  the 
critical  diameter. 

We  would  expect  the  initiation  of  RDX 
monocrystals  to  be  somewhat  easier  to  achieve 
and,  indeed,  Koch  and  Baras  reported  that  a 
powerful  explosive  initiation  produced  detona¬ 
tion  which  propagated  for  1  to  1.5  diameters  in 
cylindrically  ground  monocrystals  25  mm  in 
diameter  and  clad  with  polystyrene.  In  raw. 
unclad  crystals  of  unspecified  but,  presumably, 
similar  cross  section,  they  observed  an  arrest  of 
detonation.  If,  as  your  question  implies,  detona¬ 
tion  in  the  cylindrical  geometry  ultimately  died 
out,  it  appears  that  the  critical  diameter  is  larger 
than  25  mm. 

The  critical  diameter  of  homogeneous  ex¬ 
plosives  is  a  large  multiple  of  the  reaction  zone. 
For  nitromethane,  the  ratio  appears  to  be  in  the 
range  of  100  to  1000.  Milky  appearing 
monocrystals  of  PETN  in  cylindrical  form  have 
a  critical  diameter  between  6  and  7.5  mm.  We 


would  expect  the  corresponding  dimensions  for 
RDX  and  HMX  to  be  larger. 

DISCUSSION 

C.  FAUQUIGNON,  French-German  Institute, 
Saint  Louis,  France 

If  a  preshock  loading  renders  the  explosive 
homogeneous,  is  the  build-up  to  detonation  due 
to  a  second  high  intensity  shock  similar  to  that 
observed  in  classical  homogeneous  explosive, 
that  is  to  say,  does  the  reactive  wave  start  at 
the  rear  surface? 

REPLY  BY  CAMPBELL  AND  TRAVIS 

Evidence  of  a  front  structure  like  that  found 
in  homogeneous  explosive  detonating  near 
failure  was  observed  in  one  shot  (C  3999}  in 
which  detonation  proceeded  through  the 
preshocked  explosive.  This  suggests  that 
homogeneous-like  behavior  was  occurring,  but 
with  a  very  short  induction  time.  Under  condi¬ 
tions  of  stronger  preshock,  when  quenching  of 
detonation  occured,  it  happened  suddenly  and 
no-reoccurence  of  detonation  was  observed  in  the 
remaining  preshocked  region  of  the  sample. 

DISCUSSION 

GODFREY  EDEN,  AWRE,  UK 

I  wish  to  clarify  a  detail  of  interpretation. 
What  criterion  did  you  uso  to  decide  that  the  ax- 
plosive  beyond  boundary  C  in  Fig.  2  was  in  fact 
undetonated? 

REPLY  BY  CAMPBELL  AND  TRAVIS 

The  velocity  of  the  wave  in  the  preshocked 
region  beyond  the  quench  locus  was  determined 
from  plotting  wave  positions  from  frame-to- 
frame.  The  velocity  was  substantially  less  than 
detonation  velocity  and  was  decreasing. 
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ON  DETONATION  DRIVEN  AIR  SHOCKS  IN  THE  AIR  GAP 
BETWEEN  A  CHARGE  AND  ITS  CONFINEMENT 


Gert  Bjamholt  and  UHa  Smedberg 
Swedish  Detonic  Research  Foundation  (SveDeFo) 
Box  32058,  S-12611  Stockholm,  Sweden 


We  have  studied  the  explosives  driven  air  shock  that  can  move  ahead 
of  the  detonation  front  when  a  long  column  of  explosive  is  detonated 
with  an  air  gap  between  the  explosive  and  its  confinement.  Ex¬ 
periments  were  made  in  plexiglass  tubes  with  a  rectangular  cross- 
section  having  an  explosive/air  gap  cross-section  area  ratio  of  1:1. 
The  precursor  air  shock  (PAS)  is  shown  to  be  generated  by  the  piston 
effect  of  the  explosive  products  expanding  into  the  air  gap.  Using 
different  explosives  the  experiments  covered  a  detonation  velocity 
range  of  1800-5200  mJs  and  PAS  speeds  of  3000-6000  m/s. 

The  T.’GER  code  was  used  to  model  the  non-ideal  detonation  of 
a  typical  water  in  oil  emulsion  explosive  that  we  tested  Simple  shock 
matching  techniques  for  the  products/air  interface  of  this  explosive 
show  that  the  ratio  of  PAS  to  detonation  speed  is  >  1  for  ideal  detona¬ 
tion  and  increases  the  more  non-ideal  the  detonation  is. 

The  effects  of  the  PAS  induced  precompression  of  the  explosive 
on  detonation  propagation  are  discussed  and  practical  methods  to 
slow  down  the  PAS  are  suggested 


INTRODUCTION 

When  explosives  are  detonated  in  a  geometry 
where  there  is  an  air  gap  between  the  explosive 
charge  and  its  confinement  an  air  shock  in  the 
air  gap  travelling  ahead  of  the  detonating  front 
can  be  generated.  The  resulting  precompression 
of  the  explosive,  also  called  the  channel  effect, 
has  been  studied  by  several  researchers  in  the 
past;  Johansson  et  al.  (1958),  (1),  Goldbinder  and 
Tysevic  (1967),  (2),  Dubnov  and  Kohna  (1966), 
(3),  Udy  (1979),  (4),  Nakano  and  Mori  (1979),  (5) 
Hanasaki  et  al.  (1982),  (6)  and  Lownds  and 
Plessis  (1984),  (7). 

In  practical  rock  blasting  for  example,  long 
explosive  column  charges  are  often  decoupled 
from  the  borehole  wall  by  an  air  gap  to  reduce 
borehole  pressure  and  vibrations  on  nearby 
structures  and  damage  to  the  remaining  rock 
wall  when  the  final  contour  is  blasted.  The 
precursor  air  shock  (PAS)  travelling  ahead  of 
the  detonation  front  in  the  air  gap  in  the 


borehole  will  precompress  the  explosive  ahead 
of  the  detonation  front  to  a  pressure  of  10-100 
MPa.  If  the  PAS  is  rcuected  jy  some  rigid  sur¬ 
face  normal  to  the  flow  in  the  air  gap  the  local 
pressure  will  be  in  the  range  100-1000  MPa. 

Fig.  1  illustrates  the  PAS  in  the  air  gap  be¬ 
tween  a  cylindrical  explosive  charge  and  the 
borehole  wall. 

Depending  on  the  type  of  explosive  the 
precorapression  caused  by  the  PAS  can  hav° 
different  effects  on  detonation  propagation. 
Most  explosives  rely  on  a  heterogeneous  initia¬ 
tion  mechanism  meaning  that  they  need  hot 
spots  distributed  in  the  explosive  to  propagate 
a  detonation.  These  hot  spots  can  be  compress¬ 
ed  if  they  are  of  the  void  type,  for  example  air 
voids  or  gas  filled  micro  spheres. 

Depending  on  the  type  of  explosive  the  pre¬ 
compression  can  either  decrease  or  increase  the 
velocity  of  the  detonation  front  (3).  The  case 
when  D  is  reduced  by  the  precompression  can 
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lead  to  an  oscillating  detonation  velocity  or 
detonation  failure  (dynamic  dead-pressing).  A 
precompression  of  30-100  MPa  will  desensitize 
many  commercial  explosives  relying  on  hot 
spots  of  the  void  type  to  such  an  extent  that 
they  earnin'  propagate  detonation.  If  D  is  in¬ 
creased  V  ■  precompression  the  propagation  of 
detonation  is  not  endangered  but  an  oscillating 
behaviour  can  occur. 


the  explosive  and  its  confinement. 


KOCK 


Fig.  1.  Schematics  of  an  air  decoupled  long 
cylindrical  charge  in  a  borehole  in  rock  with  a 
product  driven  air  shock  ahead  of  the  detona¬ 
tion  front 

Previous  work  has  concentrated  mainly  on 
the  effect  of  the  PAS  on  detonation  propaga¬ 
tion.  We  felt  that  more  work  was  needed  to 
understand  the  initial  driving  mechanism  of  the 
explosive  products  (EP).  Of  special  interest  are 
the  initial  velocities  in  the  air  gap  of  the  EP  and 
the  PAS  Up  and  Us  respectively  related  to  the 
detonation  velocity  D,  for  explosives  with  dif¬ 
ferent  D-values.  The  ratios  Up/D  and  Ug/D  give 
important  information  regarding  the  potential 
for  generation  of  a  PAS  which  can  get  so  far 
ahead  of  the  detonation  front  that  detonation 
failure  can  occur.  Detonation  failure  can  occur 
when  the  PAS  is  so  far  ahead  of  the  detonation 
front  that  a  thick  enough  layer  of  explosive  is 
precompressed  (see  Fig.  1)  and  desensitized  so 
that  the  failure  thickness  of  the  explosive  is 
reached.  Fig.  1  illustrates  the  PAS  precompress¬ 
ing  the  explosive. 

We  have  used  tools  as  high  speed  framing 
photography  and  characterization  of  the  ideal 
and  non-ideal  CJ  states  and  expansion 
adiabates  with  the  TIGER  code  (8)  to  increase 
our  understanding  of  the  forward  flow  of  ex¬ 
plosive  products  and  air  in  the  air  gap  between 


Fig.  2.  Standard  test  charge  geometry 

EXPERIMENTAL 

To  study  the  detonation  front  and  the  PAS 
front,  plexiglass  tubes  having  a  quadratic  cross 
section  as  in  Figure  2  half  filled  with  explosives 
were  detonated  and  studied  using  high  speed 
framing  pnotography. 

We  wanted  to  study  the  expansion  of  the  EP 
into  the  air  gap,  the  reflection  of  the  EP  and  the 
PAS  against  the  confining  roof  and  the  follow¬ 
ing  expansion  along  the  air  gap.  To  register  the 
events  we  used  a  Cordin  116  framing  camera 
taking  26  frames  with  0.8jjs  between  frames  and 
an  exposure  time  of  ~  0.3  us  per  frame. 

The  plexiglass  tubes  were  front  lighted  us¬ 
ing  two  argon  bombs.  In  some  experiments  the 
tubes  were  also  backlighted  using  an  argon 
bomb  and  Schlieren  technique  as  shown  in  Fig. 
3.  A  cheap  plastic  Fresnel  lens  was  used  to  give 
parallel  light  from  the  Mck  when  Schlieren 
photos  were  required. 


Background 

Explosive  argon  flash 


Fresnel  lens 


/ 


Front  light 

vf*Explosive  argon  flash 


Cordin  H6 

Framing 

Camera 


F'g.  3.  Top  view  of  experimental  arrangement 
with  camera 
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The  explosives  used  in  the  experiments  are 
listed  in  Table  1. 

Gurit  is  an  explosive  used  for  contour  rock 
blasting  made  by  Nitro  Nobel  AB,  Sweden.  It 
is  a  low  energy  powder  explosive  sensitized  by 
NG/EGDN  and  inert  loaded  with  Si02. 

Emulite  is  a  Nitro  Nobel  AB  produced,  water 
in  oil  emulsion  explosive  containing  mainly  am¬ 
monium  nitrate,  ftiel  oil  and  water.  It  is  sensitiz¬ 
ed  by  hollow  gas  filled  microspheres  and  is  cap 
sensitive.  Pouring  density  mixtures  of  PETN 
and  NaC/  were  also  used.  By  changing  the 
PETN/NaC/  ratio  the  detonation  velocity  could 
be  varied. 


TABLE  1 


Explosive 

Density 

g/cm3 

Approx, 
critical 
thickness 
for  deto¬ 
nation 
mm 

Ideal 

detona¬ 

tion 

velocity 

m/s 

Gurit 

1.00 

8 

~  3200 

33  PETN/67 

NaC  / 

1.06-1.13 

10-12 

— 

40  PETN/60 

NaC  / 

— 

PETN 

0.88 

=  2 

5200 

Emulite 

1.23 

=  10-12 

5900 

EXPERIMENTAL  RESULTS 

Interpretation  of  photos 

Our  first  experiments  were  designed  to  3ee  if 
we  could  generate  a  PAS  and  be  confident  about 
interpretation  of  our  framing  photos.  These  ex¬ 
periments  were  therefore  instrumented  with 
detonation  front  and  air  shock  arrival  time  pro¬ 
bes.  The  detonation  front  probes  were  of  the 
twisted  pair  type  using  0.3  mm  enameled  Cu 
wire  stretched  across  the  tube  in  the  explosive. 
The  air  shock  arrival  probes  were  flush  mounted 
in  the  roof  of  the  tube.  They  were  activated  by 
the  pressure  at  the  shock  front  which 
mechanically  pushed  a  0.05  mm  Cu  foil  over  a 
0.1  mm  air  gap  to  give  electrical  contact  with 
a  1  mm  thick  Cu  base  plate.  The  air  gap  was  ob¬ 
tained  by  using  0.1  mm  thick  double  adhesive 
tape  with  a  2  mm  hole  punched  in  it  as  a  spacer 
between  the  foils.  This  probe  design  did  not 


respond  to  the  conductivity  of  the  ionized  gas 
in  the  PAS. 

Ina  few  experiments  the  conductivity  of  the 
gas  in  the  air  gap  was  also  monitored  at  a.point 
20  mm  from  the  end  of  the  tube  using  a  conduc¬ 
tivity  probe. 

Figure  4  shows  the  detonation  of  a  Gurit 
charge  equipped  with  detonation  and  PAS 
velocity  probes.  The  total  charge  length  is  500 
mm  and  the  detonation  front  in  Fig.  4  is  290  mm 
from  the  initiation  end.  This  charge  had  a  con¬ 
fining  roof  along  the  whole  length  of  the  charge. 
From  analyses  of  the  photos  and  the  probe 
responses  we  found  that  after  about  80  mm  of 
“run  up”  the  Gurit  detonated  with  a  constant 
velocity  of  about  2000  m/s  and  the  PAS  front 
velocity  was  constant  at  about  3000  m/s  leading 
the  “smoke  front”  seen  in  the  air  gap  in  Fig.  4 
by  about  2  mm. 


Fig.  4.  Gurit  charge  with  detonation  front  and 
PAS  probes.  D  ~  2000  m/s,  Us  ~  3000  m/s 

It  surprised  us  that  the  PAS  was  non¬ 
transparent  (smokelike)  only  2  mm  behind  the 
pressure  front.  To  rule  out  vaporization  of  the 
plexiglass  confinement  as  the  cause  of  this 
smoke  we  repeated  the  experiment  in  Fig.  4 
using  glass  instead  of  plexiglass.  The  photo 
showed  the  same  smoke  as  in  the  plexiglass  con¬ 
fined  shots,  ruling  out  the  plexiglass  as  the 
cause  of  non  transparency. 

Figure  5  shows  a  Schlieren  photo  of  a  40 
PETN/60  NaC/  charge  with  an  explosive 
loading  density  of  1.07  g/cm3.  On  the  original 
colour  film  the  PAS  front  can  be  seen  leading 
the  brownish  smoke  front  by  1-2  mm.  The 
detonation  velocity  D=2800  mis  and  the  PAS 
front  velocity  US=35C0  m/s. 
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Fig.  5.  Schlieren  photo  of  a  40  PETN/60  NaCl 
charge  showing  the  PAS  front  and  smoke  just 
behind  the  PAS  front  Above  the  roof  another 
air  shock  can  be  seen  lagging  the  detonation 
front  with  about  30  mm,  D—2800  m/s  Shot  No. 
840706. 

The  explanation  for  the  smoke  just  behind  the 
shock  front  is  according  to  Zeldovich  and  Razier 
(9)  that  dissociation  and  oxidation  of  air  take 
place  in  a  microsecond  time  scale  behind  an  air 
shock  travelling  at  3000  m/s.  Enough  of  the 
brownish  looking  gas  N02  could  thus  be  formed 
to  explain  what  we  see  in  the  photos. 

Figure  6  gives  the  temperature  and  the  pres¬ 
sure  at  an  air  shock  front  felt  by  an  observer 
travelling  along  at  the  particle  speed  behind  the 
front  (9).  When  the  shock  is  travelling  faster 
than  about  4000  mis  it  becomes  solfluminous  in 
our  photos.  The  effective  aperture  of  the  camera 
is  about  f/16  and  the  film  used  is  Kodak 
Ektachrome  200.  Our  experimental  data  dis- 


Fig.  6.  Temperature  and  pressure  behind  a 
shock  wave  for  air  of  initial  standard  at¬ 
mospheric  conditions  as  a  function  of  air  shock 
velocity.  Data  from  ref.  (9). 
cussed  in  this  paper  are  summarized  in  Table  2. 

From  these  initial  experiments  we  established 
that: 

•  The  position  of  the  detonation  front  and  the 
PAS  front  can  be  determined  on  the  photos. 

•  For  PAS  front  speeds  in  the  range  3000-4000 
m/s  the  gas  at  the  front  becomes  non¬ 
transparent  2-3  mm  behind  the  shock  front. 
For  air  shocks  travelling  faster  than  about 


TABLE  2 


Experimental  data  for  shots  in  standard  charge  geometry 


Shot 

# 

Explosive 

Charge 

density 

g/cm3 

Explosive 

surface 

confine¬ 

ment 

Detona¬ 

tion 

velocity 

D 

mis 

PAS 

velocity 

Us/D 

a1* 

Deg. 

P" 

Deg. 

Remark 

320925 

Gurit 

1.00 

0.3  mm  Cu 

■ 

1.50 

840706 

40PETN/60  NaC / 

1.07 

— 

2800 

in 

1.25 

65 

18 

840704 

40PETN/60  NaC / 

1.67 

— 

2800 

— 

— 

65 

— 

No  roof 

840521 

33PETN/67  NaC l 

1.13 

— 

1800 

2300 

1.28 

60 

18 

840815 

PETN 

0.88 

__ 

5100 

5800 

1.14 

65 

10 

841029 

Emulite 

1.23 

— 

4700 

5200 

1.11 

53 

5 

841123 

Emulite 

1.22 

0.3  mm  Cu 

4900 

6000 

1.22 

38 

850313 

Emulite 

1.20 

1.0  mm  Cu 

5200 

5700 

1.10 

25 

1 
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4000  m/s  the  region  behind  the  shock  emits 
enough  light  to  become  selfluminous  in  our 
photos. 

•  The  change  in  conductivity  monitored  by  the 
conductivity:probe  occurs  at  the  PAS  front. 

The  Gurit  charges 

The  Gurit  charges  had  a  charge  density  = 
1.00±0.05  g/cm3.  Except  for  a  run  up  distance 
of  about  60-80  mm  they  all  detonated  at  a 
velocity  of  about  5000  m/s  along  the  whole 
length  of  the  500  mm  long  charge  with  PAS 
velocities  of  about  3000  m/s.  When  the  PAS 
reached  the  end  of  this  charge  it  had  a  lead  of 
about  125  mm  on  the  detonation  front. 

Figure  4  shows  a  framing  photo  from  a  Gurit 
shot  with  the  PAS  leading  the  detonation  front 
by  about  75  mm.  The  photo  was  taken  after  290 
mm  of  detonation  along  the  charge.  The  PAS 
front  itself  is  not  seen  in  the  photo  but  is  located 
about  2  mm  ahead  of  the  smoke  front  in  the  air 
channel.  The  detonation  velocity  probes  can  be 
seen  along  the  lower  part  of  the  charge.  To  avoid 
the  PAS  eroding  the  Gurit  surface  a  0.3  mm 
thick  Cu  foil  is  placed  on  top  of  the  explosive. 

In  one  experiment  with  a  charge  length  of  940 
mm  and  instrumented  with  detonation  veloci¬ 
ty  and  PAS  probes  the  detonation  failed  after 
650  mm  of  run.  The  PAS  was  then  about  280 
mm  ahead  of  the  detonation  front.  No  photo 
was  obtained  from  this  experiment.  The  detona¬ 
tion  and  PAS  velocities  were  about  2000  and 
2900-3200  m/s  respectively  up  to  a  few  micro¬ 
seconds  before  the  detonation  failed.  At  failure 
the  PAS  was  obviously  far  enough  ahead  of  the 
detonation  front  to  give  time  (about  90  ps)  to 
precompress  most  of  the  20  mm  thick  layer  of 
explosive.  The  compression  wave  speed  in  Gurit 
is  estimated  to  be  a  few  tenths  of  a  millimeter 
per  microsecond.  The  unconfined  failure  di¬ 
ameter  for  Gurit  is  estimated  to  be  5-8  mm. 

PETN/salt  charges 

To  be  able  to  control  the  detonation  velocity 
in  the  range  2000-5000  m/s  some  charges  with 
PETN/NaC/  mixtures  were  shot.  The  standard 
geometry  given  in  Fig.  2  was  used  without  any 
copper  foil  top  cover.  In  all  cases  the  PAS 
travelled  500-800  m/s  faster  than  the  detonation 
front.  Fig.  5, 7a  and  7b  show  examples  of  photos 
from  these  shots.  In  the  experiments  in  Fig.8 


no  roof  was  used  on  the  standard  test  charge 
described  in  Fig.  2.  No  PAS  was  generated  in 
this  case. 


Fig.  7a.  Picture  taken  when  the  self  luminous 
PAS  front  hits  the  confining  roof  after  125  mm 
of  detonation  in  100%  PETN.  D=5100  m/s  Shot 
No.  840815. 

Emulite  charges 

To  study  the  behavior  of  a  typical  water  in 
oil  emulsion  explosive  in  the  test  geometry  of 
Fig.  2  some  experiments  were  made  with 
Emulite.  This  explosive  is  a  cap  sensitive  small 
diameter  explosive  produced  by  Nitro  Nobel  AB 
with  an  unconfined  critical  diameter  for  detona¬ 
tion  of  10-12  mm.  It  is  sensitized  with  hollow 
microspheres.  The  explosive  was  loaded  direct¬ 
ly  at  manufacture  into  the  test  charge.  To  study 
the  effect  of  confinement  of  the  explosive  top 
surface  the  explosive  was  covered  by  a  0.3  mm 
or  a  1.0  mm  thick  Cu  foil  in  some  shots. 


Fig.  7b.  Picture  taken  when  the  detonation 
front  has  travelled  another  40  mm 

Without  foil  covering  and  with  a  0.3  Cu  foil 
the  detonation  velocity  was  4700-4900  m/s. 
With  1  mm  Cu  foil  as  covering  5200-5400  m/s 
was  achieved. 
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The  detonation  velocity  was  steady  state  to 
within  about  ±  100  m/s  along  the  whole  length 
of  the  test  charges  except  for  a  run  up  length 
of  about  50  mm  from  the  initiating  detonator. 
A  PAS  developed  in  all  cases.  Its  velocity  was 
400-600  m/s  faster  than  the  detonation  front  ex¬ 
cept  for  shot  no  841123  where  the  PAS  trav¬ 
elled  about  1100  mis  faster  than  the  deto¬ 
nation  front. 


Fig.  7c.  Position  versus  time  of  detonation 
front  and  PAS  at  roof  level  x  —  Oat  beginning 
of  roof. 


Fig.  8.  Schlieren  photo  of  40  PETN/60  NaCl 
charge  in  standard  charge  geometry  but  without 
any  confining  roof.  No  PAS  is  formed  Shot  No. 
840704. 

Fig.  9  shows  an  Emulite  charge  with  a  0.3  mm 
copper  foil  cover  where  the  self  luminous  PAS 
front  has  advanced  considerably  ahead  of  the 
detonation  front. 


Fig.  9.  Emulite  in  standard  charge  geometry 
with  PAS  front  56  mm  ahead  of  detonation  front 
after  475  mm  of  detonation  under  confining  roof. 
Shot  No.  841123. 

EXPANSION  OF  PRODUCTS  AND 
PRODUCTS  DRIVEN  AIR  SHOCKS  IN 
THE  AIR  GAP  BETWEEN  CHARGE  AND 
CONFINEMENT 

When  long  unconfined  charges  of  explosives 
are  detonated  in  atmospheric  air  the  products 
driven  air  shock  around  the  charge  will  initial¬ 
ly  expand  as  in  Fig.  10,  »  being  the  angle  be¬ 
tween  the  air  shock  and  the  charge  axes. 

In  our  experiments  with  an  unconfined  upper 
explosive  surface  and  a  charge  geometry  as  in 
Fig.  2,  PETN/salt  and  pure  PETN  charges  gave 
a~  60-65  degrees.  Unconfined  Emulite  gave  a~ 
50  degrees,  with  0.3  mm  copper  foil  cover  =  40 
dpgrees  and  with  1  mm  copper  foil  a  =  25 
degrees.  Here  a  is  determined  20  mm  outside 
the  charge  surface. 

For  a  case  with  steady  state  detonation  and 
a  confinement  as  in  Fig.  2  the  collision  point  be¬ 
tween  the  air  shock  and  the  roof  surface  will 
initially  travel  at  the  detonation  front  speed  if 
simple  regular  reflection  takes  place.  In  at¬ 
mospheric  air  Mach  reflection  will,  however, 
take  place  for  o>4 0  degrees  (9'  '"'ur  experimen¬ 
tal  conditions  should  thus  give  us  Mach  reflec¬ 
tion  initially  as  in  Fig.  11  except  for  the  Emulite 
charge  with  1  mm  copper  confinement. 

The  picture  will,  however,  quickly  get  more 
complicated  because  of  the  reflected  shocks  and 
product/air  interface  following  closely  behind 
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the  air  shock  front.  At  the  products/air  inter¬ 
face  the  density  in  the  products  is  about  10 
times  higher  and  the  temperature  about  10 
times  lower  than  in  the  air.  These  reflected 
shocks  and  interfaces  will  complicate  the 
analysis  of  the  flow  in  the  air  gap  after  only 
some  microseconds. 

All  our  experiments  show  Mach  stem 
behavior  initially  for  the  products  driven  air 
shocks  when  they  reflect  off  the  confining  roof 
except  for  the  Emulite  shot  with  a  top  cover  of 
1  mm  copper. 

However  our  results  show  that  the  1  mm  cop¬ 
per  confinement  has  little  influence  on  the  ratio 
Us/D  for  Emulite. 

Figure  7b  shows  an  example  of  the  reflection 
of  the  products  driven  air  shock  and  the  Mach 
stem  that  forms  initially  at  the  confining  roof 
in  the  test  tube.  The  angle  of  incidence  of  the 
air  shock  against  the  roof  is  about  65  degrees, 
the  detonation  velocity  D=5100  m/s  for  this 
charge.  The  Mach  stem  velocity  is  about  5800 
m/s  and  almost  constant  for  the  time  of  obser¬ 
vation.  The  triple  point  trajectory  moves  at  an 
angle  of  about  10  degrees  with  the  confining 
roof. 


Fig.  10.  Lateral  II)  and  at  later  time  head  on 
(2)  expansion  of  detonation  products  driven  air 
shock  around  an  air  confined  detonating  charge 

MODELLING  OF  ONE  DIMENSIONAL 
ISENTROPIC  EXPANSION  OF 
DETONATION  PRODUCTS  INTO  AIR 

Let  us  consider  an  infinitesimal  element  of  the 
explosive  products  (EP)  when  it  expands  into 
the  air  gap.  The  expansion  is  close  to  isentropic 
until  it  reflects  against  the  confinement.  The  en¬ 
tropy  of  the  element  is  increased  when  it  is 
shock  compressed  at  the  reflection  against  the 
confinement  and  then  approximately  constant 
in  the  subsequent  expansion  again. 


7.  Detonation  from 

Fig.  11.  Schematics  of  Mach  reflection  of 
detonation  driven  air  shock  in  standard  charge 
geometry  shortly  after  impact  against  the  con¬ 
fining  roof 

To  model  the  EP  flow  we  will,  however,  as¬ 
sume  that  the  increase  in  entropy  caused  by  the 
reflections  of  the  products  is  so  small  that  we 
can  assume  constant  entropy  when  we  want  to 
describe  the  flow.  We  will  also  assume  plane  one 
dimensional  flow  which  means  we  are  consider¬ 
ing  the  flow  of  products  along  a  channel  having 
a  constant  cross  section.  In  our  test  geometry 
the  constant  cross  section  assumption  is  valid 
in  front  of  the  detonation  front.  Behind  the 
front  appreciable  lateral  expansion  of  the  plex¬ 
iglass  box  takes  place. 

To  understand  the  piston  effect  of  the  EP  on 
the  air  let  us  consider  the  flow  at  the  explosive 
charge/air  interface.  For  the  simple  case  of  a 
plane  reasonably  flat  topped  detonation  wave 
expanding  head  on  into  air  the  initial  EP/air  in¬ 
terface  velocity  can  be  determined  by  consider¬ 
ing  the  expansion  isentrope  of  the  EP  and  the 
Hugoniot  of  air  in  a  pressure  versus  particle 
velocity  graph.  The  interface  velocity  is  given 
by  the  cross-over  point  of  the  two  curves. 

Along  the  EP  CJ  isentrope  Sj  the  particle 
velocity  Up  for  a  state  with  a  specific  volume 
V  is  given  by  the  Riemann  integral 
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l/2 


Up  =  Up,+J  -(*) 
v,  dV-  ^1 


(1) 


where 

UpJ  is  the  CJ  state  particle  velocity 

Vj  is  the  CJ  state  specific  volume  (dP/dVJSj 
is  the  slope  of  the  CJ  isentrope  in  the  PV  plane. 


We  used  equation  (1)  and  the  Hugoniot  for  air 
at  initial  pressure  p0  =  0.1013  MPa  to  calculate 
the  products  air  interface  velocity  off  end  as  in 
Fig.  10.  The  TIGER  code  (8)  was  used  .to 
calculate  the  CJ  state  and  EP  isentrope.  To  test 
the  accuracy  of  this  procedure  we  compared  our 
calculated  result  for  Comp.  B  with  experimen¬ 
tal  results  for  the  off  end  air  shock  velocity  Us 
for  Comp.  B  given  by  Deal  (10).  The  air 
Hugoniot  for  Up  <  4  mm/^s  given  by  Deal  (11) 
for  air  with  initial  conditions  P0  =  0.81  •  105 
Pa  and  T0  =  273  K  was  extended  to  higher  Up 
values  by  assuming  Ug  =  1.11  U„  for  Up  in  the 
range  4-8  mm/ps.  The  air  shock  front  pressure 
was  calculated  using 


Pi  =  e0UPu9  •  (2) 

The  low  pressure  part  of  the  TIGER 
calculated  isentrope  for  Comp.  B  and  the  air 
Hugoniot  are  given  in  Fig.  12.  The  match  point 
gives  U8  =  8140  m Is  using  the  BKW  eos  and 
7370  m/s  using  the  JCZ3  eos.  Deal’s  experimen¬ 
tal  value  is  8000  m/s. 

These  results  show  that  for  Comp.  B  the 
BKW  eos  overestimates  the  interface  velocity 
whereas  the  JCZ3  eos  underestimates  it.  For 
low  energy  and  low  density  explosives  we  con¬ 
sider  the  JCZ3  eos  should  give  an  improved 
estimate  (12). 

In  Table  3  are  given  experimental  values  of 
“off  end"  initial  air  shock  velocities  obtained  by 
other  researchers  for  some  explosives  (10).  It  is 
interesting  to  study  the  ratios  U/D  and  Up/D 
where  Up  is  the  products  air  interface  velocity. 
Us  is  the  air  shock  front  velocity  and  D  is  the 
detonation  velocity.  Comp.  B  and  PBX  9404 
show  normal  behavior  with  UJD  =  0.97*1.00 
and  Ug/D  =  1.05-1.09.  Alex  32,  an  aluminized 
cast  RDX/TNT  explosive  with  30%  aluminium, 
shows  abnormally  low  ratios  whereas  Nitro- 
methane  shows  abnormally  high  values.  The 
reason  for  the  high  value  for  Nitromethane  is 


not  clear  and  should  be  studied.  The  effect  of 
0.8  bar  or  10  bar  initial  air  pressure  on  the  in¬ 
terface  velocity  is  relatively  small  as  seen  in 
Table  3  for  Comp.  B. 


Fig.  12.  Air  Hugoniot  and  CJ  isentropes  for 
Comp.  B 


TABLE  3 

Experimental  results  generated  at  Los  Alamos 
Scientific  Lab.  1101  showing  explosive/air  state 
values  for  "head  on” plane  detonation  into  air 
at  initial  pressure  P0  =  0.8  bar  and  10  bar. 


Explosive 

Po 

(bar) 

Comp.  B 

0.8 

WflM 

1.09 

Comp.  B 

10 

1 

0.94 

0.8 

1.05 

NM 

0.8 

1.17 

1.29 

Alex  32 

0.8 

1.01 

MODELLING  OF  NON-IDEAL 
DETONATION  AND  EXPANSION  OF 
PRODUCTS  FROM  EMULITE  INTO  AIR 

The  TIGER  code  was  used  to  model  non-ideal 
detonation  and  subsequent  expansion  of  the 
products  in  Emulite  by  keeping  some  of  the  am- 
moniumnitrate  (AN)  inert  at  the  CJ  plane.  The 
products  were  then  expanded  isentroplcally 
from  the  compressed  CJ  state  to  the  original  ex¬ 
plosive  volume  V0.  At  V0  the  unreacted  AN 
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was  allowed  to  react  in  a  constant  volume  ex¬ 
plosion.  The  products  were  then  allowed  to 
expand  along  the  new  isentrope.  Figure  13 
shows  schematically  the  expansion  paths. 

The  head  on  particle  velocity  Up  of  the  front 
of  the  products  expanding  to  some  final  volume 
V{  given  by  matching  with  air  along  the  two  EP 
isentropes  Sj  and  S2  is  calculated  by 

Up  =  uPl  +  /v°  -  ( dP ) 1/2  dV 
Vi  {M)S1 


Equation  (2)  is  not  strictly  correct  when  the 
expansion  takes  place  along  the  two  separate 
isentropes  Sj  and  S2.  For  the  cases  we  have  con¬ 
sidered  equation  (3)  should  overestimate  Up 
slightly  the  more  non-ideal  the  detonation. 
However  the  maximum  error  due  to  this  is 
estimated  to  be  less  than  200  m/s  in  Up  at  the 
match  point  with  the  air  Hugoniot  for  tne  cases 
we  have  considered. 


Fig.  13.  Model  for  non-ideal  detonation  in 
Emulite  with  two  part  isentrope 

Figure  14  shows  the  air  Hugoniot  and  the  low 
pressure  part  of  some  Emulite  isentropes  with 
different  amount  of  AN  burn  at  the  CJ  point. 
For  example  “40  AN  inert  D  =  4220"  means 
that  40g  AN  per  lOOg  of  explosive  was  kept  in¬ 
ert  at  the  CJ  point  and  then  burned  on  the  CJ 
isentrope  at  the  explosive  original  volume  V0. 
The  calculated  detonation  velocity  was  4220  m/s. 


Table  4  gives  the  detonation  velocity  Up  and 
the  air  shock  velocity  Us  from  these  calculations. 

In  Fig.  15  Us  /  D  is  plotted  versus  D.  It  is  ob¬ 
vious  that  the  more  non-ideal  the  detonation  the 
higher  the  ratio  Us/D  will  get. 

The  case  when  all  of  the  explosive  is  burned 
as  a  constant  volume  explosion  gives  an  air 
shock  speed  Us  =  3940  m/s. 


Fig.  14.  Air  Hugoniot  and  isentropes  for 
Emulite  with  different  detonation  velocities 
(JCZ3  eos) 


TABLE  4 

Results  from  matching  of  TIGER  JCZ3  adiabols 
for  Emulite  with  air  in  the  P-up  plane. 


An  inert  at 
CJ  state 
(g/lOOg  expl) 

D 

(m/s) 

D/D; 

UF 

(m/s) 

us 

(m/s) 

Ug/D 

c, 

e 

0 

5830 

1.00 

5360 

5950 

1.02 

0.92 

30 

4810 

0.83 

4360 

4840 

1.01 

0.91 

40 

4220 

0.72 

4130 

4580 

1.09 

0.98 

50 

3580 

0.61 

3940 

4370 

1.22 

1.10 

CV 

— 

— 

3550 

3940 

— 

— 

DISCUSSIONS  AND  CONCLUSIONS 

When  a  long  explosive  column  is  decoupled  by 
air  at  standard  atmospheric  conditions  from  its 
confinement  so  that  the  air  gap  cross  section  has 
the  same  area  as  the  explosive  column  cross  sec¬ 
tion  we  have  established  that: 
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Fig.  15.  UJD  versus  D  for  Emulite 

•  A  precursor  air  shock  (PAS)  travelling  faster 
than  the  detonation  front  is  observed  for  all 
explosives  we  have  studied.  It  is  driven  by 
explosive  products  expanding  in  the  air  gap 
between  the  charge  and  its  confinement.  The 
products  will  at  least  for  rather  non-ideal 
detonations  move  ahead  of  the  detonation 
front. 

•  Calculations  show  that  the  ratio  of  PAS  speed 
to  detonation  speed  UJD  will  increase  with  in¬ 
creasing  non-ideality  of  the  detonation  for  a 
given  explosive. 

•  Calculations  show  that  Ug/D  is  larger  than 
unity  also  for  ideal  detonation  of  a  typical 
water  in  oil  emulsion  explosive. 

In  practice  one  wants  to  keep  UJD  <  I  to 
avoid  precompression  of  the  explosive.  Potential 
methods  to  reduce  U.7D  below  unity  for  de¬ 
coupled  charges  are  therefore  interesting. 

The  following  methods  have  been  considered: 

i. )  Changing  the  performance  of  the  explosive 

ii. )  Changing  the  decoupling  medium  properties 

iii. )  Introducing  drag  producing  units  into  the 

air  gap  between  the  explosive  and  the 
confinement. 

Changing  the  explosive  performance  as  in  i.) 
will  not  suffice  to  reduce  UJD  to  below  unity. 
However,  for  a  given  explosive  the  more  ideally 
it  detonates  the  lower  UJD  will  be.  Mixing  in¬ 
ert  substances  into  the  explosive  should  change 
UJD  slightly  but  no  big  effects  can  be  expected 
for  practical  explosives.  Changing  the  air  pressure 


in  the  air  gap  will  belong  to  category  ii.).  As 
shown  in  Table  3,  UJD  was  reduced  16%  by  in¬ 
creasing  the  air  initial  pressure  from  0.8  bar  to 
10  bar.  In  practical  rock  blasting  situations  air 
pressurized  boreholes  will  require  special 
procedures. 

If  regularly  spaced  thin  mechanical  “stoppers” 
are  used  in  the  air  gap,  it  is  important  to  realize 
that,  when  the  PAS  is  temporarily  stopped  there 
the  refelction  pressure  generated  is  much  higher 
than  the  side  on  pressure  generated  by  the  PAS 
passing  undisturbed.  The  air  temperature  at  the 
stopper  will  exceed  10000  K.  The  side  on  air 
shock  pressure  felt  by  the  explosive  when  the 
PAS  front  passes  by  with  a  speed  Us  is  given 
by  equation  (2).  The  reflected  pressure  P2  at  a 
stopper  where  the  air  is  reflected  like  from  a  rigid 
surface  normal  to  the  flow  is  given  by 

P2  =  Pj  (  2+k  )  (4) 

k-1 

where  k  is  defined  by 

Us  =  kUp  (5) 

For  U3  in  the  range  3000-8000  mis  k  is  approx¬ 
imately  1.10 

We  then  get  P2  «  13  Pj 

The  pressure  is  thus  raised  more  than  a  fac¬ 
tor  ten  when  the  shock  is  reflected  by  a  stopper. 
For  air  shock  speeds  3000-6000  m/s  P2  is  then 
130-510  MPa.  A  compression  wave  of  this 
amplitude  will  spread  from  the  position  of  the 
stopper  into  the  explosive  and  precompress  it. 
If  the  distance  between  stoppers  is  too  large  this 
compression  wave  may  have  time  to  desensitize 
a  thick  enough  layer  of  the  explosive,  before  the 
detonation  front  arrives,  to  prevent  detonation 
transmission.  Problems  with  detonation  trans¬ 
mission  may  also  occur  when  an  air  decoupled 
explosive  column  is  made  of  long  sticks  of  ex¬ 
plosive  that  may  be  laterally  displaced  at  the 
ends.  The  PAS  may  then  send  a  precompression 
wave  with  a  peak  pressure  P2  given  by  equation 
(4)  into  the  end  face  of  a  stick.  This  precompres¬ 
sion  may  prevent  it  from  being  initiatied  by  the 
detonation  shock  front  The  influence  of  the  ratio 
of  explosive  to  air  gap  area  on  the  PAS  speed 
has  not  bean  considered  in  this  work  but  should 
be  studied  further.  Experiments  performed  just 
before  the  publishing  of  this  report  show  that 
UJD  will  increase  when  the  air  gap/explosive 
column  cross  section  ratio  is  reduced  to  Vi  and 
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V*  of  what  we  have  used  in  this  study.  To  get 
a  detailed  understanding  of  the  flow  of  products 
and  air  in  the  air  gap  a  2D  hydrodynamic  code 
should  be  used  to  model  the  detonation  and 
subsequent  flow.  For  a  case  when  the  detonation 
has  failed  through  dynamic  precompression  the 
conditions  are  favorable  at  a  stopper  for  a  fast 
deflagration  of  the  remaining  explosive.  For 
many  powder  explosives  especially  those  sen¬ 
sitized  by  NG/EGDN  a  deflagration  to  detona¬ 
tion  transition  should  be  possible.  Water  based 
emulsion  explosives,  however,  bum  so  slowly 
that  this  is  less  likely. 
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DISCUSSION 

GODFREY  EDEN,  AWRE  Aldermaston  MOD 
(PE),  Berkshire,  UK 

1)  You  mentioned  that  the  preshocked  region 
in  the  explosive  could  be  less  than  the  failure 
diameter.  Are  you  suggesting  that  such  a  region 
would  fail  to  detonate? 

2)  I  am  not  familiar  with  the  explosives  you 
are  using  but  departmental  evidence  escents 
(Extcn  et  al  5th  Symposium  on  Detonation)  sug¬ 
gesting  that  providing  detonation  is  establish¬ 
ed  in  a  preshocked  region  of  longer  B,  it  will 
behave  like  a  higher  density  explosive  with  an 
enhanced  detonation  velocity. 

REPLY  BY  GERT  BJARNHOLT 

1)  I  mean  that  the  preshocked  outer  region 
will  not  be  initiated  by  the  shock  at  the  detona¬ 
tion  front.  The  unchecked  inner  region  could 
then  be  so  small  m  diameter  to  propagate  a 
steady  state  detonation.  It  could  therefore  even¬ 
tually  fail. 

2)  Enulsion  explosives  containing  micro¬ 
ballons  do  behave  differently. 
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CAVITY  C0LL4PSE  IGNITION  OF  COMPOSITION  B 
IN  THE  L4UNCH  ENVIRONMENT 


John  Starkenberg,  Doenee  L.  MeFadden,  Ona  R.  Lyman 
US  Army  Ballistic  Research  Laboratory 
US  Army  Materiel  Command 
Aberdeen  Proving  Ground,  Maryland 


Experiments  using  the  activator  at  the  Ballistic  Research  Laboratory  have 
been  pursued  for  a  number  of  years  with  an  eye  toward  clarifying  the 
mechanisms  involved  in  the  premature  ignition  of  high  explosives  in  the 
setback  environment.  Recently,  we  have  turned  our  attention  to  a  series 
of  experiments  in  which  controlled  cavities  in  cast  Composition  B  (Cor  ip 
B)  are  subjected  to  deformation  both  with  and  without  simultaneous  air 
compression  as  well  as  air  compression  without  deformation.  The  dimple 
tests  were  designed  to  accomplish  this.  There  are  three  variations  of  the 
dimple  test.  In  the  standard  dimple  test,  a  cylindrical  cavity  or  dimple 
of  controlled  depth  and  diameter  is  cast  into  one  end  of  the  explosive  sam¬ 
ple.  In  another  variation,  vacuum  hardware  is  used.  In  a  third  variation, 
the  dimple  is  cast  into  a  piece  of  Dow  Coming  Sylgard  182  which  is  placed 
in  contact  with  an  undimpled  explosive  sample.  In  the  vacuum  dimple 
test,  only  deformation  heating  can  produce  an  ignition.  In  the  Sylgard  dim¬ 
ple  test,  only  air  compression  heating  occurs.  Both  heating  mechanisms 
are  combined  in  the  dimple  test  To  date,  only  Comp  B  has  been  subjected 
to  dimple  testing.  As  a  result  of  our  work  thus  far,  we  have  found  that 
when  the  air  compression  and  compressive  heating  mechanisms  are  com¬ 
bined  the  dominant  ignition  mechanism  is  compressive  heating  of  air 
strongly  influenced  by  the  cavity  collapse  geometry  and  possibly  by  altera¬ 
tion  of  the  state  of  the  explosive  surface.  The  hypothesis  of  a  transition 
from  axial  to  radial  cavity  collapse  with  increasing  dimple  depth  seems 
to  explain  the  observed  behavior.  Deformation  heating  is  the  dominant 
mechanism  only  for  high  aspect  ratio  dimples. 


INTRODUCTION 

Experiments  using  the  activator  at  the 
Ballistic  Research  Laboratory  (BRL)  have  been 
pursued  for  a  number  of  years  with  an  eye 
toward  clarifying  the  mechanisms  involved  in 
the  premature  ignition  of  high  explosives  in  the 
setback  environment  (1*4).  In  a  broader  sense, 
however,  this  research  sheds  light  on  the  very 
minimum  stimulus  levels  which  cause  violent 
reaction  in  explosives  and  may  be  pertinent  to 
ignition  in  a  variety  of  circumstances. 

The  relationship  of  laboratory-scale  ex¬ 
periments  and  large-scale  “simulation,”  such  as 
with  the  Naval  Surface  Weapons  Center 
(NSWC)  simulator  (5-7),  to  gun  firings  is  a  dif¬ 
ficult  issue.  The  appropriate  role  of  laboratory 
experiments  is  not  the  simulation  of  the  artillery 


launch  environment,  but  rather  the  study  of  ig¬ 
nition  mechanisms  under  pressures  represen¬ 
tative  of  setback.  The  experiments  reported 
herein  were  conducted  in  tins  spirit.  Therefore, 
the  activator  experimental  procedure  is  not  (as 
it  has  been  called)  “an  increased  severity  test.” 
Rather,  it  is  an  isolated  stimulus  experiment 
which  is  designed  to  determine  the  level  of  air 
compression  heating  or  other  stimulus  required 
to  ignite  an  explosive  as  a  function  of  various 
parameters.  If  a  premature  occurred  due  to  com¬ 
pressive  heating  ignition,  we  would  conclude 
that  the  explosive  was  locally  subjected  to  the 
same  stimulus  level  determined  in  our  ex¬ 
periments.  In  general,  this  means  that  the  ex¬ 
plosive  must  be  subject  to  the  same  heating 
rate.  In  the  case  of  compressive  heating,  the 
heating  rate  is  roughly  proportional  to  the 
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product  of  the  pressurization  rate  and  the  cavi¬ 
ty  depth.  In  the  case  of  frictional  or  shear  heat¬ 
ing,  the  heating  rate  is  roughly  proportional  to 
the  product  of  the  pressure  and  the  shear  veloci¬ 
ty.  In  both  cases,  many  otner  factors  are  also 
important.  Pressurization  rates  and  peak  pres¬ 
sures  measured  external  to  projectile  bases  ap¬ 
pear  insufficient  to  produce  the  required,  stim¬ 
ulus.  The  maximum  sliding  velocity  produced  by 
projectile  rotation  is  somewhat  below  that  re¬ 
quired  for  ignition  observed  in  activator  experi¬ 
ments  isolating  frictional  heating  (8).  This  means 
that,  in  order  to  produ  :&  a  premature,  the  stimu¬ 
lus  levels  applied  to  tb  3  explosive  must  be  ampli¬ 
fied  over  and  above  those  present  external  to  the 
projectile  during  launch.  This  may  occur  in  a 
number  of  ways.  In  the  case  of  compressive 
heating,  one  way  is  to  amplify  the  pressurization 
rate.  This  can  occur  if  a  loose  charge  impacts  the 
base  or  if  a  cavity  fails  to  collapse  during  the 
early  portion  of  pressurization  and  then  collapses 
catastrophically  when  a  critical  pressure  has 
been  reached.  A  cavity  collapse  geometry  which 
concentrates  heated  air  on  a  small  portion  of  the 
explosive  surface  also  amplifies  the  stimulus 
level.  In  addition,  as  a  cavity  collapses,  shear 
heating  may  combine  with  compressive  heating 
to  produce  an  ignition.  Hershkowitz  (9)  has  sug¬ 
gested  that  prematures  are  rare  because  they  re¬ 
quire  two  or  more  low  probability  conditions  to 
exist  simultaneously.  For  example,  a  sufficiently 
large  cavity  must  be  coupled  with  an  abnormal¬ 
ly  severe  launch  environment.  The  relationship 
between  the  local  heating  rate  experienced  by  an 
explosive  fill  and  the  pressure  stimulus  external 
to  the  projectile  is  complicated  and  has  not  been 
established.  We  have  not  pursued  this  avenue. 
Our  approach  has  been  to  determine  the  param¬ 
eters  which  govern  ignition  by  the  most  likely 
mechanisms  in  order  to  provide  guidance  for  the 
design  of  more  premature-resistant  explosive/ 
projectile  systems. 

REVIEW  OF  COMPRESSIVE  HEATING 
OBSERVATIONS 

When  a  small  volume  of  gas  is  compressed 
very  rapidly  such  that  no  energy  transport  can 
occur,  a  high  temperature  reservoir  (hot  spot)  is 
created  which  may  subsequently  heat  an  adja¬ 
cent  explosive  layer  to  the  point  of  ignition.  This 
process  is  referred  to  as  ignition  by  adiabatic 
compression  of  the  gas.  If,  on  the  other  hand, 


the  gas  is  compressed  very  slowly,  no  temper¬ 
ature  increase  occurs  and  no  explosive  ignition 
can  follow.  Between  these  limits  lies  the  com¬ 
pressive  heating  regime  in  which  the  compres¬ 
sion  occurs  sufficiently  slowly  that  considerable 
energy  is  transported  by  conduction  and  convec¬ 
tion  during  the  process.  Compressive  heating 
has,  therefore,  received  attention  primarily  as  a 
source  of  ignition  which  is  active  when  the 
observed  time  to  ignition  is  in  the  ten  micro¬ 
second  to  ten  millisecond  range,  a  time  scale 
which  is  typical  of  the  setback  of  the  explosive 
fill  in  a  projectile  during  launch. 

Compressive  heating  ignition  has  bee*  the 
subject  of  extensive  analytical  and  experimental 
study  at  BRL.  The  experiments  investigation 
was  conducted  using  an  apparatus,  referred  to 
as  the  activator,  which  was  originally  designed 
at  Picatinny  Arsenal  as  a  laboratory-scale  ar¬ 
tillery  setback  simulator  (10).  This  was  used  in 
its  original  form  in  preliminary  experiments  to 
produce  data  which  revealed  the  role  of  air  in 
causing  ignitions  during  compression.  Subse¬ 
quently,  the  activator  was  modified  and  further 
instrumented  so  that  more  definitive  data  could 
be  extracted  from  the  tests  and  direct  com¬ 
parisons  to  the  predictions  obtained  from 
analytical  models  could  be  made.  In  particular, 
the  activator  has  been  used  to  explore  ignition 
of  Composition  B  (Comp  B)  and  TNT  as  well  as 
a  number  of  other  explosives  caused  by  the  rapid 
compression  of  air  trapped  in  contact  with  the 
explosive. 

A  number  of  observations  from  our  study  of 
air  compression  heating  are  pertinent  to  the  pres¬ 
ent  study.  A  s  a  result  of  our  earlier  testing,  we 
learned  that  this  is  indeed  a  viable  mechanism 
for  ignition  at  relatively  mild  stimulus  levels  and 
we  established  pressurization  rate  and  cavity 
size  as  the  principal  governing  parameters.  We 
found  that  sensitivity  is  substantially  influenc¬ 
ed  by  the  geometry  of  cavity  collapse  and  the 
state  of  the  explosive  surface.  Covergent 
geometries,  which  concentrate  heated  air  on  a 
small  portion  of  the  explosive  surface,  are  more 
sensitive  as  are  nonporous  surfaces,  which  pre¬ 
vent  leakage  of  air  away  from  the  ignition  site. 

In  this  earlier  work,  care  was  taken  to  decou¬ 
ple  the  stimulus  level  from  the  explosive  me¬ 
chanical  properties  by  using  cavities  external 
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to  the  explosive  which  collapse  without  mechan¬ 
ical  failure  of  the  explosive.  More  recently;  we 
have  tinned  our  attention  to  a  series  of  ex¬ 
periments  in  which  controlled  cavities  in  cast 
Comp  B  are  subjected  to  deformation  both  with 
and  without  simultaneous  air  compression  as 
well  as  air  compression  without  deformation. 
This  series  of  tests  can  be  used  to  explore  the 
role  of  explosive  deformation  in  ignition.  In  par¬ 
ticular,  we  were  interested  in  determining 
whether  deformation  produces  sufficient  heating 
to  cause  ignition  or  simply  acts  to  increase  the 
local  air  pressurization  rate. 


the  momentum  of  the  large  piston  when  it  im¬ 
pacts  the  driving  piston. 

A  disadvantage  cf  this  test  configuration  is 
that  extrusion  of  explosive  between  the  gauge 
block  and  the  confinement  cylinder  may  occur. 
Ignitions  caused  by  extrusion  are  readily  iden¬ 
tifiable  as  late  events  on  the  pressure  records. 
We  determined  that  free  runs  in  excess  of  25 
mm  are  required  to  produce  extrusion  ignitions. 
This  free  run,  therefore,  represents  a  practical 
upper  limit  of  activator  operation.  However, 
this  limit  was  sometimes  violated  since  it  is 
possible  to  distinguish  extrusion  ignitions. 


DESCRIPTION  OF  THE  EXPERIMENTS 

The  Activator.  The  activator,  as  presently  us¬ 
ed,  is  illustrated  schematically  in  Figure  1.  The 
test  section  consists  of  a  miid  steel  heavy  con¬ 
finement  cylinder  enclosing  the  explosive  sam¬ 
ple  and  a  hardened  steel  driving  piston.  A 
hardened  steel  gauge  block  on  which  a  manganin 
foil  pressure  gauge  is  mounted  is  tightly  bolted 
to  the  back  of  the  confinement  cylinder  and  the 
explosive  sample  is  inserted  into  the  bore  adja¬ 
cent  to  the  gauge.  A  gap  or  cavity  of  some  type 
is  left  adjacent  to  the  sample.  The  gauge  block 
rests  against  a  rigid  stop  which  incorporates  an 
adjustment  screw  to  accommodate  test  fixtures 
of  different  lengths  and  to  allow  easy  installa¬ 
tion.  The  driving  piston  is  activated  by  a  larger 
piston  which  is  initially  held  <n  place  using  shear 
pins.  The  large  piston  is  set  in  motion  by 
pressure  developed  in  the  bieech  which  is  in¬ 
strumented  with  a  pressure  transducer.  The  free 
run  allowed  between  the  large  piston  and  the 
driving  piston  is  used  to  set  the  stimulus  level 
to  be  applied. 

In  order  to  fire  a  shot,  the  breech  is  pressur¬ 
ized  using  compressed  air  until  the  shear  pins 
fail.  The  large  piston  accelerates  through  the  free 
run  and  impacts  the  driving  piston.  The  momen¬ 
tum  developed  by  the  pistons  is  transformed  to 
an  impulse  delivered  to  the  gap  and  the  explosive 
sample.  The  pistons  may  then  rebound  and 
strike  the  explosive  again  delivering  a  second  im¬ 
pulse.  The  breech  pressure  begins  at  the  shear 
pin  failure  pressure  and  drops  linearly  with  time 
during  the  test  to  a  value  associated  with  the 
final  volume  of  the  breech.  An  average  value  of 
breech  pressure  during  piston  motion  may  be  vi- 
ed  in  conjunction  with  free  run  to  estimate 
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Fig.  1.  Activator  Schematic 

Dimple  Tests.  Previously,  care  was  taken  to 
isolate  the  effects  of  air  compression  from  those 
of  explosive  deformation  during  cavity  collapse. 
This  was  accomplished  by  placing  the  cavity  in 
a  material  external  to  the  explosive.  The  next 
logical  step  in  the  investigation  was  to  develop 
a  series  of  experiments  in  which  the  deforma¬ 
tion  effects  are  included,  in  isolation  from  as 
well  as  in  combination  with  compressive  heat¬ 
ing.  The  dimple  tests  were  designed  to  accom¬ 
plish  this. 

There  are  three  variations  of  the  dimple  test. 
The  experimental  configuration  for  each  is 
shown  schematically  in  Figure  2.  In  the  stand¬ 
ard  dimple  test,  a  cylindrical  cavity  or  dimple 
of  controlled  depth  and  diameter  is  cast  into  one 
end  of  the  explosive  sample.  The  sample  is  in¬ 
serted,  dimple  up,  into  the  confinement  cylinder. 
A  thin  polyethylene  film  attached  to  the  face 
of  the  driving  piston  improves  the  seal  against 
the  face  of  the  explosive  sample.  In  another  var¬ 
iation,  vacuum  hardware  is  used.  Pric  e  to  firing, 
the  piston  is  inserted  into  the  bore  hole  but  held 
away  from  the  sample  until  sufficient  vacuum 
has  been  produced  using  a  vacuum  pump.  The 
piston  is  then  allowed  to  move  forward  against 
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the  sample,  sealing  a  vacuum  into  the  dimple. 
The  vacuum  pump  continues  to  operate  until 
after  the  firing  is  completed.  In  a  third  varia¬ 
tion,  the  dimple  is  cast  into  a  piece  of  Dow  Com¬ 
ing  Sylgard  182  which  is  placed  in  contact  with 
an  undimpled  explosive  sample.  All  other  test 
procedures  are  as  previously  described. 

In  the  vacuum  dimple  test,  only  deformation 
heating  can  produce  an  ignition.  In  the  Sylgard 
dimple  test,  only  air  compression  heating  oc¬ 
curs.  Both  heating  mechanisms  are  combined 
in  the  dimple  test. 


AIR  COMPRESSION  ONLY 


VACUUM  PORTS 
J  (2  at  90°) 


DEFORMATION  ONLY 


COMBINED  MECHANISMS 


Fig.  2.  Dimple  Test  Series 

Sample  Preparation.  The  Comp  B  samples 
were  prepared  by  casting  short  12.7  mm  diam¬ 
eter  cylinders.  In  order  to  prepare  dimpled 


samples,  a  casting  plate  with  cylindrical  protru¬ 
sions  of  adjustable  height  was  used  beneath  the 
mold.  Two  different  nominal  dimple  diameters 
were  produced.  Dimple  depth  and  diameter  was 
measured.  For  undimpled  samples,  a  polished 
casting  plate  was  used.  All  samples  were  then 
finished  to  a  length  of  12.7  mm  by  cutting  and 
polishing  the  opposite  end.  Dimpled  and  un¬ 
dimpled  samples  as  well  as  Sylgard  dimples  are 
shown  in  Figure  3.  The  densities  of  all  samples 
were  determined  and  all  samples  were  inspected 
radiographically.  Any  sample  appearing  to  have 
voids  was  rejected.  Dimple  depth  and  diameter 
was  measured. 


Fig.  3.  Dimpled  and  Undimpled  Composition  B 
Samples  and  Sylgard  Dimples 

Characterization  of  Stimulus  Levels.  In  our 
earlier  tests  with  cavities  external  to  the  ex¬ 
plosive,  pressure  conditions  in  the  vicinity  of  the 
cavity  could  be  inferred  from  the  pressure 
records  from  the  manganin  gauge  at  the  base 
of  the  sample.  This  provided  us  with  a  pertinent 
characterization  of  the  stimulus  level.  In  the 
dimple  test,  however,  the  conditions  as  the  cavi¬ 
ty  collapses  are  complicated  and  the  heating 
rate  bears  no  simple  relation  to  the  pressure 
record.  The  best  measure  of  applied  stimulus 
level  must  be  judged,  therefore,  by  the  degree 
to  which  it  segregates  go  and  no  go  results  in 
a  plot  of  stimulus  level  versus  cavity  size. 

Several  pertinent  measures  of  stimulus  level 
are  available.  The  simplest  of  these  is  the  free 
run  of  the  activator.  The  stimulus  generally  in¬ 
creases  with  increasing  free  run.  Since  the  breech 
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Fig.  4.  Comparison  of  Data  Segregation  Achieved  with  Each  of  Four  Stimulus  Parameters  for  Sylgard 
Dimple  Teste  with  8.5  mm  Diameter  Dimples 
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Fig  6.  Comparison  of  Data  Segregation  Achieved  with  Each  of  Four  Stimulus  Parameters  for  Dim¬ 
ple  Tests  with  &5  mm  Diameter  Dimples 
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pressure  at  which  the  shear  pins  fail  varies  from 
shot  to  shot,  the  impact  momentum  may  be 
calculated  from  the  free  run  and  the  shear  pin 
failure  pressure,  providing  a  second  measure  of 
stimulus  level  which  should  be  an  improvement 
over  the  free  run.  Note  that  friction  is  ignored. 
Finally,  information  from  the  manganin  gauge 
record  can  be  used.  Since  this  is  closest  to  the 
event,  it  should  provide  the  best  characteriza¬ 
tion  of  the  stimulus  level.  In  this  case,  the  prob¬ 
lem  of  what  aspect  of  the  pressure  record  to  use 
arises.  Peak  pressure  cannot  be  used  since  the 
occurrence  of  an  ignition  before  peak  pressure 
is  achieved  obscures  this  information.  Experi¬ 
ence  has  taught  us  that  pressurization  rate  is 
a  good  indicator  of  stimulus  level.  However, 
pressurization  rate  is  observed  to  vary  during 
the  test,  exhibiting  several  peaks  of  approxi¬ 
mately  the  same  value.  Either  the  average  of 
the  peak  pressurization  rates  or  an  overall 
average  pressurization  rate  which  includes  the 
plateaus  or  falling  regions  can  be  used. 


These  four  stimulus  characterization  param¬ 
eters  are  compared  in  Figures  4, 5,  and  6  for  the 
three  tests  of  the  dimple  series.  In  Figure  4, 
each  parameter  has  been  plotted  against  dimple 
depth  for  Sylgard  dimple  tests  with  Composition 
B.  Reasonable  results  are  achieved  using  free 
run,  but  impact  momentum,  average  peak  pres¬ 
surization  rate  and  average  pressurization  rate 
do  not  provide  adaquate  segregation.  Similar 
plots  for  the  vacuum  dimple  test  are  shown  in 
Figure  5.  In  this  case  free  run  is  clearly  best  and 
average  peak  pressurization  rates  are  also  ac¬ 
ceptable  while  impact  momentum  fails.  Final¬ 
ly,  the  plots  for  dimples  are  shown  in  Figure  6. 
The  best  data  segregation  is  achieved  using  free 
run.  Reasonable  results  are  also  obtained  with 
pressurization  rate  but  a  few  anomalous  points 
appear.  Use  of  impact  momentum  or  average 
pressurization  rate  produces  a  wide  band  of 
mixed  data.  Thus,  free  run  is  the  only  parameter 
producing  good  data  segregation  in  all  three 
tests. 


TIMS  <*••)  TIMC  (»«> 

a.  Sylgard  Dimple  Tests  b.  Dimple  and  Vacuum  Dimple  Tests 

Fig.  7.  Typical  Manganin  Gauge  Pressure  Records 
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DIMPLE  TEST  RESULTS 

General  Observations.  Typical  manganin 
gauge  pressure  records  from  the  base  of  the 
sample  are  illustrated  in  Figure  7.  The  pressure 
histories  observed  may  be  generally  categorized 
according  to  the  nature  of  the  rising  portion  of 
the  impulse.  When  Sylgard  dimples  were  used 
the  pressure  was  observed  to  rise  in  a  series  of 
steps  as  in  Figure  7a.  The  pressurization  rate 
between  the  plateaus  was  roughly  the  same. 
Results  obtained  with  dimpled  explosives  were 
often  similar.  However,  the  pressure  was  fre¬ 
quently  observed  to  rise  and  fall  quite  marked¬ 
ly  during  pressurization  as  in  Figure  7b.  This 
occurred  for  both  ignitions  and  nonignitions  and 
is  probably  associated  with  cavity  collapse. 

Ignition  may  occur  during  the  rising  portion 
of  the  pressure  history  or  be  delayed  until  after 
the  pressure  has  peaked.  The  latter  behavior  is 
more  frequently  observed  with  dimpled  ex¬ 
plosive.  Samples  that  were  recovered  after  fir¬ 
ing  always  showed  the  dimple  to  be  completely 
closed.  Samples  before  and  after  testing  are 
compared  in  the  photograph  in  Figure  8. 


Fig.  8.  Comparison  of  Dimpled  Samples  Before 
and  After  Testing 

Preliminary  Observations  with  Composition 
B— Effects  of  Dimple  Depth.  To  date  only  Comp 
B  has  been  subjected  to  dimple  lasting.  Nominal 
dimple  depths  of  0.4, 0.8, 1.1,  and  1.5  mm  with 
a  diameter  of  about  8.5  mm  were  used  in  the  in¬ 
itial  test  series.  The  plots  of  Figures  4a,  5a  and 
6a  in  the  free  run— dimple  depth  plane,  using 


different  symbols  for  ignition  and  nonignition, 
are  useful  for  comparing  the  results.  The  results 
for  the  Sylgard  dimple  test  are  shown  in  Figure 
4a.  In  this  case,  we  observe  sensitivity  which 
increases  with  increasing  dimple  depth.  This 
is  consistert  with  our  previous  observations 
and  is  not  surprising.  The  results  of  the  vacuum 
dimple  test,  shown  in  Figure  5a,  are  also  as  ex¬ 
pected.  Ignitions  under  vacuum  were  only  possi¬ 
ble  with  the  deepest  dimples  at  the  longest  free 
runs.  The  results  when  the  mechanisms  are 
combined  in  the  dimple  are  more  complicated 
as  shown  in  Figure  6a.  No  ignitions  were  ob¬ 
served  with  the  shallowest  dimples  (r'J0.4mm). 
Sensitivity  to  ignition  with  dimples  with  a 
nominal  0.7  mm  depth  exhibits  a  strong 
dependence  on  dimple  depth.  Dimples  shallower 
than  about  0.7  mm  do  not  produce  ignition 
while  dimples  slightly  deeper  than  that  produce 
ignition  over  a  relatively  wide  range  of  free  run. 
This  dimple  depth  represents  a  cut-off  v  due 
below  which  ignition  does  not  occur.  Between 
0.7  and  1.2  mm,  sensitivity  is  independent  of 
dimple  depth.  The  sensitivity  then  appears  to 
decrease  slightly  as  the  dimple  depth  increases 
to  about  1.5  mm. 
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Fig.  9.  Comparison  of  Ignition  Thresholds  for 
Composition  B  with  8.5  mm  Diameter  Dimples 

Additional  observations  may  be  made  by 
comparing  thresholds  from  the  three  tests  as  in 
Figure  9.  At  the  shallow  dimple  end,  the  thresh¬ 
olds  for  air  compression  only  and  the  combined 
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mechanisms  appear  to  coincide.  As  dimple 
depth  increases,  the  sensitivity  to  the  combined 
mechanisms  suddenly  becomes  independent  of 
dimple  depth  and  is  higher  than  the  sensitivity 
to  air  compression  alone.  With  a  continuing  in¬ 
crease  in  dimple  depth,  sensitivity  to  air  com¬ 
pression  continues  to  increase  while  sensitivity 
to  the  combined  mechanism  decreases  slightly 
such  that  sensitivity  to  air  compression  is 
greatest.  Finally,  note  that  ignition  due  to  defor¬ 
mation  alone  requires  substantially  higher 
stimulus  levels. 

A  number  of  samples  were  sectioned  in  an  ef¬ 
fort  to  determine  the  flow  pattern  leading  to 
cavity  collapse.  The  sectioned  sample  shown  in 
Figure  10  exhibits  two  features  of  interest. 
First,  the  cavity  appears  to  have  closed  by  in¬ 
ward  radial  flow  of  material  from  the  shoulders 
of  the  dimple.  In  addition,  a  conical  region  of 
deformation  beneath  the  dimple  is  visible  and 
the  original  bottom  surface  has  been  displaced 
upward. 


\ 


Fig.  10.  Sectioned  Composition  B  Sample 

Interpretation.  The  observations  suggest 
that  the  cavity  in  the  explosive  may  close  in  at 
least  two  different  ways  depending  on  dimple 
depth.  Since  the  air  compression  and  combined 
mechanism  thresholds  coincide  with  shallow 
dimples,  the  collapse  of  the  Sylgard  and  explo¬ 
sive  dimples  must  be  geometrically  similar  in 
this  case.  Cavity  closure  for  shallow  dimples 
presumably  occurs  by  axial  flo*-.  The  sudden- 
transition  observed  in  the  dimple  test  marks  a 
transition  to  radial  cavity  closure,  a  highly  sen¬ 


sitive  mode  for  which  dimple  depth  indepen¬ 
dence  would  be  expected.  The  subsequent  de¬ 
crease  in  sensitivity  may  be  due  to  a  continuing 
change  in  the  collapse  geometry  or  increasing 
porosity  of  the  collapsing  surface.  Since  defor¬ 
mation  only  requires  higher  stimulus  levels  we 
conclude  that  the  primary  ignition  mechanism 
in  the  dimple  test  is  compressive  heating  of  air. 

Further  Observations  with  Composition 
B— Effects  of  Dimple  Diameter.  Dimple  and 
vacuum  dimple  tests  were  subsequently  con¬ 
ducted  with  dimples  having  a  smaller  nominal 
diameter  of  6.5  mm  and  nominal  depths  of  0.4, 
0.8,  1.1  and  1.5  mm.  The  results  for  these  are 
plotted  in  Figures  11  and  12  and  the  thresholds 
are  compared  in  Figure  13.  Similar  results  were 
observed.  In  this  case,  no  Sylgard  dimple  tests 
have  been  done.  Again,  ignitions  could  not  be 
obtained  below  a  cut-off  cavity  depth  for  the 
combined  mechanisms.  The  flat  region  follow¬ 
ing  the  transition  is  not  as  long  and  the  decrease 
in  sensitivity  witi,  increasing  dimple  depth  is 
more  marked.  For  the  deepest  dimples,  the  ig¬ 
nition  thresholds  for  deformation  only  and  the 
combined  mechanisms  appear  to  coincide. 
Results  with  large  and  small  diameter  dimples 
are  compared  in  Figures  14,  15,  and  16.  Al¬ 
though  more  ignitions  were  obtained  than  with 
the  larger  diameter  dimples  in  the  vacuum  case, 
no  significant  differences  in  ignition  threshold 
are  evident  as  shown  in  Figure  14.  As  shown  in 
Figure  15,  for  the  combined  mechanisms,  the 
small  diameter  dimples  are  generally  less  sen¬ 
sitive  above  the  cut-off  depth.  Figure  16  is  a  plot 
of  free  run  versus  dimple  aspect  ratio  (depth 
divided  by  diameter).  The  results  show  little  or 
no  difference  in  the  cut-off  aspect  ratio  for  the 
two  diameters.  It  remains  o  be  determined 
whether  this  scaling  applies  over  a  wide  range 
of  dimple  depth  and  diameter. 

CONCLUSION 

As  a  result  of  our  work  thus  far,  we  have 
found  that  when  the  air  compression  and  defor¬ 
mation  heating  mechanisms  are  combined  the 
dominant  ignition  mechanism  is  compressive 
heating  of  air,  strongly  influenced  by  the  cavity 
collapse  geometry  and  possibly  by  alteration  of 
the  state  of  the  explosive  surface.  This  resuit  is 
in  agreement  with  Frey’s  theoretical  assessment 
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Fig.  11.  Vacuum  Dimple  Test  Results  for  Com *  Fig.  13.  Comparison  of  Ignition  Thresholds  for 

position  B  with  6.5  mm  Diameter  Dimples  Composition  B  with  6.5  mm  Diameter  Dimples 
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Fig.  12.  Dimple  Test  Results  for  Composition  Fig.  14.  Comparison  of  6.5  and  8.5  mm  Diameter 
B  with  6.5  mm  Diameter  Dimples  Vacuum  Dimple  Test  Ignition  Thresholds 
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Fig.  15.  Comparison  of  6.5  and  8.5  mm  Diameter 
Dimple  Test  Ignition  Thresholds 
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Fig.  16.  Comparison  of  6.5  and  &5  mm  Diameter 
Dimple  Test  Ignition  Thresholds  using  Aspect 
Ratio 


(11),  which  indicates  that  the  air  compression 

mechanism  dominates  for  large  cavities  at  low 

pressurization  rates.  The  hypothesis  of  a  tran- 

sition  from  axial  to  radial  cavity  collapse  with 

increasing  dimple  depth  seems  to  explain  the 

observed  behavior.  Deformation  heating  is  the 

dominant  mechanism  only  for  high  aspect  ratio 

dimples.  The  observed  cut-off  value  of  dimple  i 

depth  suggests  that  it  may  still  be  possible  to  ! 

establish  a  maximum  base  separation  criterion  j 

for  munitions.  However,  the  way  in  which  this  | 

phenomenon  depends  on  dimple  geometry  re-  j 

mains  to  be  determined.  Further,  any  base 

separation  criterion  must  be  applied  to  rounds 

as  fired  and  not  as  they  come  off  the  production 

line.  Thus,  a  relation  between  conditions  in  the 

field  and  conditions  at  production  must  be 

established. 
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DISCUSSION 

P.  HUBBARD,  RARDE 

At  impact  pressures  of  1.0  GPa,  ignition 
phenomena  associated  with  rapid  viscous 
heating  have  been  observed  in  the  RARDE  ac¬ 
tivator.  The  ignition  phenomena  occur  through 
the  explosive  being  rapidly  extruded  between 
punch  and  confinement.  What  are  the  peak  im¬ 
pact  pressures  that  equate  with  the  free  run 
distances  that  produced  events  from  deforma¬ 
tion  alone? 


REPLY  BY  JOHN  STARKENBERG 

The  peak  impact  pressures  approach  1.0  GPa 
at  about  25mm  free  run.  The  vast  majority  of 
the  data  presented  here  corresponds  to  pressures 
considerably  below  this.  As  discussed  in  the 
paper,  we  also  observed  ignitions  due  to  extru¬ 
sion  when  the  free  run  exceeded  25  mm.  Using 
an  earlier  version  of  the  activator  (which  is  more 
like  the  RARDE  version)  we  were  able  to  obtain 
pressures  up  to  1.7  GPa  without  producing  ex¬ 
trusion  ignitions. 

DISCUSSION 

L.  ZERNOW,  Zemow  Technical  Services,  Inc. 

Have  you  attempted  to  connect  your  results 
with  the  actual  deformations  that  might  be  ex¬ 
pected  in  actual  artillery  projectiles  which  are 
properly  (or  improperly)  loaded? 

REPLY  BY  JOHN  STARKENBERG 

Only  insofar  as  reported  here.  The  stress  field 
produced  in  the  neighborhood  of  the  dimple  is 
analogous  to  that  at  a  base  separation.  Our  em¬ 
phasis  has  been  on  developing  a  relevant  test  for 
screening  explosives. 
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EXPLOSIVE  INITIATION  BY  VERY  SMALL 
CONICAL  SHAPED  CHARGE  JETS 


Manuel  G.  Vigil 
Sandia  National  Laboratories 
Albuquerque,  New  Mexico,  USA 


Very  small  conical  shaped  charge  (CSC)  jets  were  used  to  initiate  four 
different  secondary  explosives.  The  liner  thicknesses  varied  between 
0.076  and  0.127  mm.  LX-13  (80%  PETN  and  20%  SYLGARD)  ex¬ 
plosive  was  used  to  drive  the  conical  liners  to  form  the  CSC  jets.  The 
CSC  jet  velocities  varied  between  3.6  and  6.5  mmJ\is.  The  jet  tip 
diameters  ranged  between  0.041  and  1.10  mm.  The  explosive  accep¬ 
tor  or  target  diameters  were  varied  between  1.90  and  19.1  mm.  The 
lateral  confinement  of  the  acceptor  explosives  was  minimal 

Relationships  for  critical  jet  initiation  energy  and  dimensionless  ex¬ 
plosive/jet  parameter  as  a  function  of  initiation  parameters  are 
developed.  The  jet  initiation  data  from  this  investigation  as  well  as 
previously  published  data  are  shown  to  be  consistent  with  the 
developed  relationships.  The  threshold  initiation  parameter  (jet  veloci¬ 
ty  squared  times  jet  diameter)  for  LX-13,  PETN,  PBX-9407,  and 
TETRYL  were  experimentally  determined  to  be  0.011,  0.0130,  0.041, 
and  0.044  cm 3/\tsP,  respectively,  for  copper  jets  impacting  bare  ex¬ 
plosive  acceptors.  The  lower  values  for  the  LX-13  and  PETN  indicate 
these  two  explosives  are  more  sensitive  to  shock  initiation  than 
PBX-9407  and  TETRYL  explosives. 


INTRODUCTION 

Sandia  National  Laboratories  is  investigating 
the  feasibility  of  the  initiation  to  detonation  of 
explosives  using  very  small,  high  velocity,  con¬ 
ical  shaped  charge  (CSC)  jets.  A  fuller  under¬ 
standing  of  the  mechanism  of  jet  initiation  of 
explosive  acceptors  will  be  advantageous  in 
future  explosive  component  design  applications. 
The  jet  initiation  mechanism  has  several  advan¬ 
tages  over  some  current  high  velocity  plate  im¬ 
pact  shock  initiation  techniques.  The  primary 
advantage  is  that  very  small  diameter  jets  can 
penetrate  barriers,  such  as  steel,  to  initiate  ex¬ 
plosives  not  in  contact  with  the  barrier.  Very 
small  (relative  to  flyer  plate  charges)  CSC’s  can, 
therefore,  be  used  as  explosive  switches  to 
transfer  the  detonation  from  one  segment  of  an 
explosive  train  through  a  bulkhead  or  barrier 
to  a  second  segment  of  the  explosive  train. 


This  investigation  has  focused  on  CSC’s  1.73 
to  3.50  mm  in  diameter.  Previous  investigators 
(1-3)  have  reported  work  involving  CSC’s 
greater  than  3.9  mm  in  diameter.  The  explosives 
to  be  discussed  in  this  paper  include  LX-13 
(XTX-8003),  PETN,  PBX-9407,  and  TETRYL. 
All  of  these  explosives  were  initiated  with  CSC’s 
fabricated  from  both  copper  and  tantalum.  The 
conical  liners  had  47°  apex  angles. 

Theoretical  analysis  of  critical  energy  rela¬ 
tions  for  explosive  threshold  initiation  by  CSC 
jets  are  developed  and  discussed.  Dimensional 
analysis  techniques  are  used  to  develop  a  dimen¬ 
sionless  term  which  relates  explosive  and  CSC 
jet  parameters.  This  term  and  the  energy  rela¬ 
tionships  are  all  shown  to  be  consistent  with  an 
initiation  parameter  (jet  velocity  squared  times 
jet  diameter)  previously  reported  by  Held  (3). 
Experimental  test  data  involving  CSC’s  with 
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different  diameters  and  various  jet  velocities  are 
discussed.  High  speed  photometric  results  il¬ 
lustrating  the  jet  initiation  of  the  explosives  are 
presented.  The  measured  jet  tip  velocity,  tip 
diameter,  length  and  penetration  in  aluminum 
are  presented  for  the  various  CSC’s  used  in  this 
investigation. 

Theoretical  shock  physics  relationships  are 
used  to  ca’iulate  the  jet/explosive  impact 
pressure  as  a  function  of  jet  impact  velocity  for 
three  different  jet  materials  and  nine  different 
explosives.  The  calculated  pressures 
corresponding  to  the  jet  impact  velocity  are 
presented  and  discussed. 

CSC  AND  ACCEPTOR  EXPLOSIVE 
CONFIGURATION 

The  general  CSC  and  acceptor  explosive  con¬ 
figurations  are  shown  in  Fig.  1.  LX-13  explosive 
was  used  with  all  CSC  configurations  primari¬ 
ly  because  it  is  easily  extruded,  has  a  very  small 
critical  diameter,  conforms  to  the  shape  of  the 
CSC  liner,  and  adheres  to  it.  The  metal  driving 
ability  of  the  explosive  is  low  relative  to  most 
secondary  explosives;  however,  it  does  have  a 
relatively  small  particle  size  of  about  10-30 
microns,  which  results  in  a  smoother  or  more 
uniform  acceleration  of  the  small,  thin  liners. 
The  CSC  and  acceptor  explosives  were  confined 
by  a  0.254  mm  thick  polyvinylidine  (KYNAR) 
tubing  inside  of  a  12.7  mm  outside  diameter 
plastic  tube  as  illustrated  in  Fig.  1.  All  CSC's 
were  fabricated  with  a  one  cone  diameter  (CD), 
cylindrical,  built-in  standoff.  The  CSC  explosive 
height  was  two  CD’s.  The  1.1  mm  diameter 
LX-13  explosive  train  (Fig.  1)  was  10.2  cm  long 
and  was  end  initiated  with  an  RP-2  detonator. 
The  gap  distance  between  the  CSC  and  the  ac¬ 
ceptor  explosive  was  varied  between  0  and  3.2 
mm. 

The  length  of  the  acceptor  explosive  varied 
from  1.5  to  10.2  cm,  and  the  diameters  varied 
between  1.9  and  19.1  mm.  The  acceptor 
diameters  (TD)  for  the  LX-13,  PBX-9404, 
PETN,  Tetryl,  and  PBX  9407  explosives  were 
1.9,  6.35,  9.4,  12.7,  and  19.1  mm,  respectively. 
The  corresponding  acceptor  lengths  (L)  were  5, 
10.2,  16,  26,  and  15  mm,  respectively.  The  ac¬ 
ceptor  explosive  was  attached  to  a  1.1  mm 
diameter  by  a  12.7  mm  long  explosive  train 
which  had  an  aluminum  witness  plate  attached 
to  it,  as  illustrated  in  the  Photometric  Measure- 


0.11  cm 


Fig.  1.  CSC  and  Acceptor  Explosive 

ment  section  of  the  paper.  The  dent  on  this  place 
indicated  a  transfer  of  the  detonation  wave 
through  the  acceptor-explosive  train.  Table  1 
lists  the  explosive  parameters  density  (ee), 
detonation  velocity  (Vd),  CJ  detonation 
pressure  (PCj),  bulk  sound  speed  (Ce),  empirical 
(9)  Hugoniot  slope  constant  (Se)  and  critical 
diameter  for  the  explosive  acceptors  considered 
in  this  paper. 

Generally,  the  most  important  conical  liner 
parameters  are  the  material  ductility,  density, 
thickness,  apex  angle,  grain  size,  and  surface 
finish.  The  CSC  liner  material,  inside  diameter 
(CD),  thickness  (t),  jet  velocity  (Vj),  and  jet 
diameter  (D:  are  listed  in  Table  2  for  the  con¬ 
figuration  shown  in  Fig.  1.  Also,  Table  2  lists 
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TABLE  1 

Explosive  Parameters 


Explosive 

Qp 

{glee) 

vd 

(cm/ps) 

(M% 

do 

(cm) 

ce 

(cm/ps) 

se 

LX-13 

1.53 

0.73 

0.170 

0.036 

.15 

3.03 

PETN 

1.77 

0.83 

0.341 

0.040 

.24 

1.91 

PBX  9404 

1.84 

0.88 

0.375 

0.120 

.23 

2.77 

COMP  B3 

1.72 

0.80 

0.287 

0.400 

.27 

1.86 

CYCLOTOL  75/25 

1.75 

0.83 

0.316 

0.600 

.20 

2.36 

PBX  9407 

1.60 

0.79 

0.375 

0.450 

.13 

1.99 

TETRYL 

1.71 

0.79 

0.260 

1.100 

.25 

1.42 

PBX  9502 

1.89 

0.76 

0.285 

0.900 

.33 

1.68 

CYCLOTOL  60/40 

1.70 

0.79 

0.316 

0.600 

.20 

2.36 

the  CSC  jet  penetration  (P)  into  an  aluminum 
5083-T6  target  at  the  optimum  standoff  (SO). 
The  jet  diameter  and  jet  velocity  data  were 
measured  using  a  five-head  flash  x-ray  system. 

The  CSC  liners  were  fabricated  by  a  stamp¬ 
ing  process  in  order  to  form  highly  reproduci¬ 
ble  copper  cones.  The  grain  size  of  cross  sections 
of  these  liners  was  about  14  microns  for  the  cop¬ 
per  and  between  7-8  microns  for  the  tantalum. 
The  cones  were  fabricated  from  either  pure  cop¬ 
per  or  tantalum.  The  liner  thickness  was  about 
3%  of  the  liner  diameter  (CD),  depending  on 
availability  of  sheet  metal.  A  liner  apex  angle 
of  47°  was  chosen  (near  the  Ballistics  Research 
Laboratory  reported  optimum  apex  angle  of 
42°). 

TABLE  2 

CSC  Liner  Parameters 

LX- 13  Explosive,  Plastic  Radial  Tamping 
Apex  Angle  =  47  Degrees,  Stamped  Liners 


Material 

CD 

(cm) 

t 

(cm) 

(cm/ps) 

°3 

(cm) 

SO 

(CD) 

P 

(cm) 

Copper 

.173 

.0076 

.54 

.041 

1 

3.1 

Copper 

.259 

.0102 

.56 

.067 

2 

6.7 

Copper 

.346 

.0127 

.65 

.097 

1 

15.7 

Tantalum 

.173 

.0076 

.39 

.035 

2 

2.9 

Tantalum 

.259 

.0102 

.36 

.050 

1 

3.2 

SHOCK  INITIATION  OF  EXPLOSIVES 

Most  previously  published  work  on  shock  in¬ 
itiation  of  secondary  explosives  has  been  con¬ 
cerned  with  flyer  plate  or  rod  impact  configura¬ 


tions.  Generally,  the  basic  mechanism  for  the 
shock  initiation  to  detonation  in  explosives  is 
considered  to  be  shock  interaction  at  density 
discontinuities  which  produce  local  hot  spots 
and  decomposition  within  the  explosive.  The 
energy  of  the  decomposing  explosive  is  added 
to  the  flow  (1).  Some  previously  published  work 
(1-5)  has  concentrated  on  the  modeling  of 
detonations.  In  shock  initiation  experiments, 
the  magnitude  and  duration  of  the  shock  wave 
are  critical  in  building  to  detonation.  The 
detonation  wave  will  continue  to  propagate 
throughout  the  explosive  only  if  the  detonation 
zone  diameter  is  sufficient.  If  this  diameter  is 
smaller  than  the  diameter  required  to  maintain 
a  propagating  detonation,  then  the  side  or  rear 
rarefaction  or  expansion  waves  will  dominate 
the  flow  and  stop  propagation  of  detonation. 
Other  factors  contributing  to  the  propagation 
of  the  detonation  wave  are  the  composition  of 
the  explosives  (thermal  decomposition  kinetics), 
grain  size,  initial  explosive  porosity,  and  ex¬ 
plosive  confinement. 

WALKER-WASLEY  CRITERION  FOR 
FLYER  PLATE  IMPACT 

The  critical  energy  model  (5-7)  requires  that 
a  critical,  or  minimum,  energy  per  unit  area,  Ec, 
be  delivered  to  the  explosive  for  shock  initiation 
to  detonation.  The  following  equation  for  the 
critical  energy  has  been  derived  (6-7): 

Ec  =  Put  =  P2t/ecU=  K  (1) 
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The  parameters  in  the  above  equation  are  the 
pressure  (P),  particle  velocity  (u),  shock  pressure 


pulse  duration  (t),  initial  explosive  density  (ee), 
shock  velocity  (U),  and  an  experimental  con¬ 
stant  for  the  particular  explosive  (K).  A  more 
simple  P2t  =  K1  is  usually  used  in  flyer  plate- 
explosive  impact  work. 

MODIFIED  WALKER-WASLEY 
CRITERION  FOR  JET  IMPACTS 

The  Walker-Wasley  shock  initiation  criterion 
for  flyer  plates  impacting  bare  heterogeneous 
explosives  has  been  modified  by  James  (11)  to 
account  for  the  geometry  of  a  rod  impacting  an 
explosive.  The  value  of  Ec  has  been  found  to  de¬ 
pend  on  projectile  geometry  (11).  Using  a  for¬ 
mulation  modified  from  Anderson’s  and  James’ 
models  for  the  critical  initiation  energy  (Ec)  for 
rod  impact  (t=Dj/2Cj),  and  applying  it  to  a  jet 
impact  on  bare  explosives,  results  in  the  follow¬ 
ing  relationship: 

Ec=PuDj/6Cj  (2) 

where  P,  u,  Dj,  and  Cj  are  the  shock  pressure, 
particle  velocity  in  the  unreacted  explosive,  jet 
diameter  and  speed  of  head  of  the  release  wave 
in  the  jet  material,  respectively.  The  momentum 
equation  across  the  “strong”  shock  after  jet  im¬ 
pact  is  given  by: 

P  =  6eUu  (3) 

where  P,  q0,  U,  and  u  are  the  impact  pressure, 
initial  explosive  density,  shock,  and  particle 
velocities  in  the  explosive,  respectively.  In  ad¬ 
dition,  the  following  relationship  (9)  exists  for 
most  materials: 

U  =  Ce  +  Seu  (4) 

where  Ce  and  S0  are  the  bulk  sound  velocity  in 
the  explosive  and  the  slope  which  is  usually 
determined  from  least  squares  fit  of  experimen¬ 
tal  ultrasonic  data.  Combining  equations  1-4 
results  in  the  following  relationship  for  the 
critical  energy  for  jet  impact: 

Ec  =  ecDjU2  (Ce  +  Seu)/6Cj  (5) 

where  the  particle  velocity  (u)  has  been  shown 
to  be  related  to  the  jet  impact  velocity  (Vj)  (10) 
as  follows: 

u  =  { -B  +  (B2  -  4 AC)  °'5  }  /  2A  (6) 
where 

A  =  (eeSe  ~  ejSj)  (7) 


B  =  (eece  +  +  2pjSjVj)  (8) 

C  =  -(ejCjVj  +  6jSjVj2)  (9) 

gj  =  jet  density  (g/cm3) 

C}  =  velocity  of  sound  in  jet  =  0.396 
cm/ps  (Cu) 

Uj  =  particle  velocity  (cm/ps) 

Sj  =  slope  for  jet  material  =  1.5  (Cu) 

Vj  =  jet  (tip)  impact  velocity  (cm/ps) 

Equations  5-9  illustrate  that  the  critical  energy 
(Ec)  can  be  calculated  knowing  the  jet  impact 
velocity  (Vd,  jet  diameter  (Dj),  and  the  usually 
known  additional  explosive  acceptor  and  jet 
parameters.  The  calculated  critical  energy  (Ec) 
values  for  the  six  explosive  acceptors  where  Vj 
and  Dj  were  known  are  listed  in  Table  3.  The 
Ec  values  for  these  materials  varied  from  447 
to  5712  J/cm2.  The  calculated  jet  impact  Ec 
values  are  relatively  large  in  comparison  to 
Walker  and  Wasley’s  reported  flyer  plate  data 
values  of  12  and  63  J/cm2  for  PETN  and  PBX 
9404,  respectively.  This  is  likely  due  to  the 
smaller  diameters  of  the  jet  compared  to  the 
flyer  plate  and,  therefore,  an  impact  “spot  size” 
effect.  Table  3  also  lists  calculated  values  for  the 
jet-explosive  impact  pressure  (P),  transmitted 
shock  velocity  (U),  particle  velocity  (u),  and  P2t. 
The  calculated  values  for  u,  U,  and  P  were  ob¬ 
tained  from  equations  6-9,  4,  and  3,  respective¬ 
ly.  Je.  jxplosive  impact  pressures  as  a  function 
of  jet  impact  velocity  are  shown  in  Figure  2  for 
the  explosives  listed  in  Table  3. 

DIMENSIONAL  ANALYSIS 

Shock  initiation  of  bare,  heterogeneous  ex¬ 
plosives  by  CSC  jets  differs  from  conventional 
flyer  plate  shock  initiation  in  geometrical  pro¬ 
jectile  configuration,  projectile  acceptor  ex¬ 
plosive  physical  interaction,  shock  pulse  dura¬ 
tion  and  other  parameters.  Theoretical  model¬ 
ing  using  two  dimensional  hydrocodes  is  dif¬ 
ficult,  time  consuming,  and  expensive.  Model¬ 
ing  of  jets  and  rods  impacting  explosives  has 
been  done  (1,12).  The  modeling  of  jet  impact  re¬ 
quires  knowing  beforehand  the  jet  tip  to  tail 
velocity  gradient  or  distribution,  which  is  not 
usually  available. 
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IMPACT  PRESSURE-(Mb) 
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TABLE  3 

Calculated  Jet-Explosive  Acceptor  Initiation  Parameters 


Acceptor 

V 

P2t 

DP 

u 

P 

U 

Explosive 

(J/cm2) 

(Mb2— ps) 

xlO"8 

(cm//is) 

(Mb) 

(cm/f/s) 

LX- 13 

447 

.026 

18.300 

.37 

.71 

1.26 

PETN 

581 

.032 

24.530 

.42 

.77 

1.04 

PBX  9404 

561 

.025 

8.330 

.21 

.31 

.81 

COMP  B3 

* 

* 

2.200 

* 

* 

* 

CYCLOTOL  75/25 

* 

* 

1.560 

* 

* 

* 

PBX  9407 

1772 

.095 

0.226 

.49 

.88 

1.11 

TETRYL 

1757 

.085 

0.010 

.49 

.78 

.94 

PBX  9404 

* 

* 

0.255 

* 

* 

* 

PBX  9502 

5712 

.337 

0.805 

.42 

.83 

1.04 

PBX  9404 

* 

* 

0.940 

# 

* 

* 

PBX  9502 

* 

* 

0.250 

* 

* 

* 

PBX  9502 

* 

* 

0.090 

* 

* 

* 

*  Dj  or  Vj  values  are  not  available  for  calculation. 
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Fig.  3.  Dimensionless  Parameter  Versus  Impact  Parameter 


Therefore,  in  an  effort  to  find  another  analysis 
method  based  on  usually  known  parameters 
which  describe  the  acceptor  explosives,  dimen¬ 
sional  analysis  techniques  were  utilized  to 
develop  a  dimensionless  parameter  to  describe 
an  explosive.  Dimensional  analysis  (10,  13,  14) 
is  often  used  to  derive  a  scaling  law  because  an 
understanding  of  the  problem  can  then  be  ob¬ 
tained  without  detailed  equations  relating  jet 
and  explosive  acceptor  physical  properties. 

Dimensional  analysis  used  groups  of  dimen¬ 
sionless  ratios  to  relate  physical  properties.  One 
technique  uses  the  Buckingham  Pi  Theorem  (13, 
14)  to  obtain  one  of  several  possible  sets  of 
dimensionless  pi  terms  to  relate  CSC  and  ex¬ 
plosive  properties.  Some  variables  considered 
important  in  describing  an  explosive  and  jet  are 
listed  in  Table  4.  One  such  dimensionless  pi 
term  (Dp)  is: 

DP  =  ejpcj/Ce2Dcg 

This  particular  pi  term  was  chosen  because  the 
data  for  the  various  explosives  discussed  in  this 
paper  were  consistently  a  function  of  the  jet  im¬ 
pact  parameter  (V^Dj),  as  illustrated  in  "ig.  3. 
Also,  Held  (3)  has  demonstrated  that  the  jet  tip 
velocity  squared  (V^2)  times  the  jet  tip  diameter 
(Dj)  has  a  critical  value  for  initiation  of  explo¬ 


sives,  and  that  this  value  is  constant  for  a  given 
explosive.  This  jet  impact  parameter  (Vj2Dj)  is 
listed  in  Table  5  for  the  explosives  considered 
in  this  paper.  Also  listed  in  this  table  are  the 
jet  density  (gj),  jet  diameter  (Dj),  jet  tip  veloci¬ 
ty  (Vj),  and  jet  material.  The  power  law  least 
squares  fit  of  the  Dp  versus  Vj2Dj  data  is  shown 
in  Fig.  3.  Only  Vj2Dj  values  that  fall  to  the 
right  of  the  curve  in  Fig.  3  should  result  in  in¬ 
itiation  of  the  explosive. 

TABLE  4 

Jet/Explosive  Dimensional  Analysis  Parameters 


Variable 

Symbol 

Units 

Explosive  Density 

Qe 

M/L3 

C.  J.  Pressure 

pcj 

M/LT2 

Critical  Diameter 

Dc 

L 

Jet  Density 

Gj 

M/L3 

Gravity  Constant 

S 

L/T2 

PHOTOMETRIC  MEASUREMENTS 

A  Cordin  Model  200  rotating  mirror  camera 
(0.45)  microsecond  interframe  time)  was  used  to 
photograph  the  jet-explosion  initiation.  A 
typical  CSC-explosive  acceptor  experimental 
setup  is  snowrt  in  Fig.  4.  Selected  frames  from 
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TABLE  5 

CSC  Jet  Initiation  Parameters 


Acceptor 

Explosive 

CSC  JET 

V-2D- 

VJ  3 
(cm3/ps2) 

(g/cc) 

Di 

(cm) 

(cm/ps) 

Material 

(1)  LX-13 

8.9 

0.041 

0.50 

Cu 

.012 

(1)  PETN 

8.9 

0.043 

0.56 

Cu 

.013 

(3)  PBX  9404 

8.9 

0.210 

0.28 

Cu 

.016 

(3)  COMP  B3 

8.9 

* 

* 

Cu 

.029 

(5)  CYCLOTOL  75/25  8.9 

* 

* 

Cu 

.037 

(1)  PBX  9407 

8.9 

0.097 

0.65 

Cu 

:041 

(1)  TETRYL 

8.9 

0.097 

0.65 

Cu 

.041 

(2)  PBX  9404 

2.7 

* 

* 

AL 

.070 

(3)  PBX  9502 

8.9 

0.390 

0.57 

Cu 

.127 

(2)  PBX  9404 

1.0 

* 

* 

h2o 

.150 

(2)  PBX  9502 

2.7 

* 

* 

AL 

.325 

(2)  PBX  9502 

1.0 

* 

* 

h2o 

.800 

*  —  Not  Available  (1)  —  This  Study 

(2)  —  Mader  Reference  1  (Hydrocode  Calculations  (3)  —  Campbell  Reference  1 


films  of  many  tests  conducted  are  shown  in 
Figs.  5-8.  Figs.  5-6  illustrate  the  prompt  copper 
jet  initiation  of  LX- 13  explosive.  The  standoff 
for  both  Figs.  5-6  was  0.7  cm  for  the  0.346  cm 
diameter  CSC’s.  The  copper  jet  is  visible  in  Fig. 

5.  The  detonation  waves  in  the  LX-13  explosive 
are  visible  in  both  Figs.  5-6.  The  shock  waves 
in  the  plastic  material  are  more  visible  in  Fig. 

6.  The  acceptor  explosive  was  loaded  in  clear 
plastic  whose  dimensions  were  0.635  cm  diam¬ 
eter  by  about  6  cm  long.  The  jet  impact  veloci¬ 
ty  and  jet  diameter  were  about  0.65  cm/ps  and 
0.09  cm.  respectively,  for  both  tests 

The  location  of  the  center  of  detonation  in  Fig. 
7  indicates  that,  for  Tetryl,  initation  to  detona¬ 
tion  occurred  about  4  mm  into  the  acceptor.  The 
copper  jet  velocity  and  diameter  were  0.65  cm/ps 
and  0.097  cm,  respectively.  The  Tetryl  diameter 
and  length  were  12.7  and  25.4  mm.  respective¬ 
ly.  The  standoff  was  0.346  cm  for  the  0.346  cm 
diameter  CSC. 

Fig.  8  illustrates  the  CSC  initiation  of  a  PETN 
explosive  acceptor.  The  0.173  cm  diameter  cop¬ 
per  CSC  was  used  in  this  test  with  a  jet  veloci¬ 
ty  and  diameter  of  0.54  cm/ps  and  0.041  cm, 
respectively. 

A  five  head  flash  x-ray  system  was  used  to 
measure  jet  tip  velocity  and  tip  diameter.  Fig. 


9  shows  a  typical  copper  jet  from  a  0.346  cm 
diameter  CSC.  The  LX-13  explosive  was  in¬ 
itiated  by  the  jet,  and  the  jet  has  penetrated 
about  0.5  cm  in  the  explosive.  The  jets  from  the 
smaller  CSC’s  were  more  difficult  to  photograph 
primarily  because  of  small  jet  diameters. 

INITIATION  OF  COVERED 
EXPLOSIVES 

The  requirement  to  transfer  a  detonation 
from  a  0.1 1  cm  LX-13  explosive  train  segment, 
through  a  barrier,  to  another  0.11  cm  LX-13 
train  segment  has  led  to  the  development  of  the 
explosive  switch  illustrated  in  Fig.  1.  The  bar¬ 
rier  in  the  GAP  dimension  of  Fig.  1  could  con¬ 
sist  of  a  0.127  mm  thick  cover  plate  over  the 
cylindrical  CSC  standoff,  a  3.8  mm  teflon  layer, 
and  a  0.051  mm  thick  steel  cover  plate  over  the 
acceptor  explosive.  The  steel  cover  plates  are 
required  to  seal  against  corrosive  fluids.  The 
teflon  layer  simulates  a  high  density  corrosive 
fluid  that  could  be  encountered  between  the 
CSC  and  explosive  acceptor. 

The  CSC’s  configured  as  shown  in  Fig.  1  and 
Table  2  were  used  to  initiate  explosives  through 
various  combinations  of  air,  teflon,  and  steel 
materials  located  in  the  GAP  dimension  be¬ 
tween  the  CSC  and  the  acceptor  explosive.  A 
summary  of  the  tests  conducted  to  determine 
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Fig.  4.  CSC  and  acceptor  explosive  test  configuration 


TABLE  6 

Copper  CSC  Threshold  Initiation  Parameters 


CSC 

Acceptor  Explosives 

Gap  Materials 

Type 

CD 

Type 

Density 

Donor 

Gap 

Acceptor 

SO 

(cm) 

(g/cc) 

Plate 

Plate 

(cm) 

Cu 

0.173 

PETN* 

1.60 

No 

Air 

No 

0.35 

Cu 

0.173 

LX-13** 

1.53 

Yes 

Air 

Yes 

0.55 

Cu 

0.173 

PETN** 

0.63 

Yes 

Teflon 

Yes 

0.55 

Cu 

0.173 

PETN** 

1.20 

Yes 

Air 

Yes 

0.55 

Cu 

0.259 

LX-13 

1.53 

No 

Air 

No 

0.259 

Cu 

0.259 

PETN** 

0.63 

Yes 

Teflon 

Yes 

0.645 

Cu 

0.346 

LX-13** 

1.53 

Yes 

Air 

Yes 

0.744 

Cu 

0.346 

PETN** 

1.20 

Yes 

Teflon 

Yes 

0.744 

Cu 

0.346 

PETN** 

1.20 

— 

— 

— 

0.346 

Ta 

0.259 

LX-13* 

1.53 

No 

Air 

No 

0.259 

Acceptor  Dimensions  —  6.35  mm  diameter  x  50.8  mm 

*  —  1.9  mm  diameter  x  12.7  mm  long 

**  —  Donor  Plate  =  0.127  mm,  Gap  =  3.81  mm, 

Acceptor  Plate  =  0.051  mm 

***  —  One  0.16  cm  thick  steel  plate  in  GAP 

the  strongest  barrier  for  which  initiation  could 
be  obtained  is  listed  in  Table  6  for  LX- 13.  PETN 
(1.6  g/cc)  and  PETN  (0.63  g/cc)  explosive  ac¬ 
ceptors.  A  smaller  diameter  (CD)  or  a  CSC  with 
a  lower  impact  parameter  (Vj2Dj)  would  not  in¬ 
itiate  the  acceptor  explosive  behind  the  GAP 
barrier  listed  in  Table  6.  Donor  steel  plates  0.127 
mm  thick  covered  the  CSC,  and  acceptor  steel 
plates  0.051  mm  thick  covered  the  acceptor  ex¬ 
plosive  when  indicated  in  Table  6.  The  GAP 
dimension  of  Fig,  1  was  either  air  or  teflon  3.81 
mm  thick  (except  where  noted)  in  Table  6. 


long 


SUMMARY 

The  utilization  of  very  small  Conical  Shaped 
Charges  (CSC/  to  initiate  bare  and  covered  ex¬ 
plosive  acceptors  has  been  demonstrated  for  a 
variety  of  CSC  sizes  and  explosives.  Relatively 
prompt  shock  initiation  to  detonation  thresholds 
were  obtained  for  the  LX-13,  PETN,  PBX  9407 
and  Tetryl  explosives.  The  analytical  methods 
along  with  the  experimental  data  presented  have 
been  useful  in  the  design  of  very  small  explosive 
components  at  Sandia  National  Laboratories. 
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PLASTIC 


Fig.  8.  CSC  Initiation  of  PETN 
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DISCUSSION 

KEN  READ,  AWRE,  Foulness  MOD  (PE), 
U.K. 

Could  you  clarify  whether  by  "jet  density” 
you  mean  the  original  density  of  the  liner  or  the 
true  density  of  the  jet? 

REPLY  BY  M.  G.  VIGIL 

Jet  density  in  the  paper  means  the  original 
density  of  the  conical  shaped  charge  liner 
material. 

DISCUSSION 

HAROLD  GRYTING,  SWRI 

(1)  What  explosives  could  you  not  obtain  in- 
iti?  ion  with  these  explosive  shaped  charge  jets? 

(2)  Could  the  intensity  of  PBX-9404  be  at¬ 
tributed  to  the  fire  resistant  coating  of  the  3% 
TRI  (CHLORETHYL)  PHOSPHATE  that  is 
used  to  desensitize  this  composition? 


REPLY  BY  M.  G.  VIGIL 

(1)  The  explosives  PBX-9404,  PBX-9501,  a n~ 
PBX-9502  could  net  be  initiated  with  conical 
shaped  charges  (CSC)  of  up  to  3.5  mm  inside 
diameter. 

(2)  This  is  very  possible  depending  on  the 
coating  thickness.  Another  potential  reason 
that  the  above  explosives  were  not  initiated 
might  have  been  that  their  diameters  and 
lengths  were  significantly  smaller  than  the  ex¬ 
plosives  discussed  in  the  paper.  Possibly  the 
detonation  was  quenched  due  to  side  rarefaction 
waves. 

DISCUSSION 
JULIUS  ROTH,  Consultant 

I  have  trouble  with  the  numbers  and  sensitivi¬ 
ty  ranking  of  the  explosives  shown  in  your 
Figure  3.  If  the  U  and  P  values  are  the  threshold 
values  for  shock  initiation,  they  are  much  too 
high.  Furthermore,  the  threshold  shocks  for  the 
initiation  of  PBX-9404  (in  both  planewave/ 
wedge  geometry  or  in  gap-tests  are  3  to  5  Limes 
greater  than  those  for  1.6  g/cc  gap-test 
geometry  PETN.  (See  my  paper  in  the  pro¬ 
ceedings  of  the  5th  Detonation  Symposium.) 

REPLY  BY  M.  G.  VIGIL 

The  U  and  P  values  discussed  in  the  paper 
were  calculated  from  the  momentum  equation 
across  a  shock  and  from  Hugoniot  relations  for 
the  initial  jet  and  target/acceptor  explosive 
materials.  These  values  may  not  relate  directly 
to  previous  shock  initiation  published  values 
because  the  impactor  or  jet  area  is  significant¬ 
ly  different  here,  compared  to  other  typical 
shock  initiation  experiments.  There  may  be  a 
minimum  impactor  area  where  regardless  of  the 
impactor  or  jet  velocity,  the  area  or  jet  diameter 
is  too  small  for  the  shock  initiation  mechanism. 
In  addition,  the  jet  bow  wave  interaction  with 
the  explosive  acceptor  may  yield  a  better  cor¬ 
relation  of  pressures  when  comparing  this  jet 
impact  problem  to  classical  shock  initiation 
configurations. 
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For  sometime  now  efforts  have  been  made  to  replace  tetryl  as  a 
booster  explosive  in  conventional  munitions  because  of  its  health 
hazard  and  because  of  its  very  violent  response  to  accidental  stimuli. 
The  explosives  considered  for  use  as  tetryl  replacements  have  been 
examined  in  a  number  of  small-scale  tests  whereby  their  critical 
temperature  for  self-heating  in  small  cylindrical  geometries  are 
predicted  and  experimentally  measured  and  the  behaviour  of  these 
materials  in  a  liquid  fuel-fire  have  been  assessed.  As  well  as  giving 
an  estimate  of  the  maximum  temperature  these  materials  will  sus¬ 
tain  before  exploding,  these  tests  indicate  the  magnitude  of  their 
response  on  exploding  (their  explosiveness).  It  is  shown  that  DSC- 
derived  Arrhenius  kinetics  can  give  good  predictions  of  practical 
situations,  including,  it  is  argued,  complete  weapon  systems.  It  is 
shown  that  TATB-containing  nitramine  boosters  provide  one  possi¬ 
ble  solution  to  the  problem  and,  in  circumstances  where  the  low- 
temperature  response  of  these  materials  is  unacceptable,  other  heat- 
resistant  explosives  are  available  but  their  explosiveness  must  also 
be  taken  into  account  before  decisions  are  taken. 


INTRODUCTION 

Explosive-filied  munitions  for  naval  service 
are  required  to  survive  exposure  to  fires  such 
as  might  occur  when  an  aircraft  crashes  onto 
a  carrier  flight  deck.  To  meet  this  requirement 
a  range  of  thermaliy-insensitive  plastic-bonded 
main  charge  explosives  is  being  developed  in  the 
UK.  However,  investigation  of  a  violent  explo¬ 
sion  which  occurred  during  a  fuel-fire  test  on  a 
complete  store  led  to  the  conclusion  that  reac¬ 
tion  was  initiated  by  cook-off  of  the  booster 
charge  rather  than  the  main  filling  (1)  and  the 
safety  advantages  inherent  in  the  use  of  insen¬ 
sitive  main  charges  may  be  compromised  or  lost 
by  inadequate  booster  designs  (2). 

There  are  several  options  available  to  avoid 
booster  cook-off: 

a.  reduction  in  the  dimensions  of  boosters  so 
that,  in  the  fuel-fire  environment,  they  are  below 
the  critical  size  for  a  thermal  explosion  to  oc¬ 
cur,  the  magnitude  of  which  would  otherwise 


produce  i  stimulus  sufficient  to  cause  explosion 
or  detona,  ion  of  the  main  charge. 

b.  production  of  thermaliy-insensitive,  low¬ 
explosiveness  boosters  by  the  synthesis  of  new 
explosives. 

c.  modification  of  existing  materials  on  a 
molecular  level  to  reduce  their  thermal  response. 

d.  production  of  new  compositions  based  on 
existing  explosives  but  with  a  reduced  thermal 
response. 

o.  mrdification  of  design  of  booster  housing 
to  provide  early  rupture  and  loss  of  con¬ 
finement. 

f.  use  of  thermal  insulation  to  reduce  the  heat 
flow  to  the  explosive. 

This  report  contains  studies  of  options  a,  b 
and  d.  [Studies  to  investigate  option  c  by  syn¬ 
thesising  the  3-amino  and  3,5-diamino  deriv¬ 
atives  of  tetryl  have  recently  been  reported  (3).] 
A  relatively  simple,  small-scale  test  procedure 
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is  presented  whereby  the  critical  temperature  of 
an  explosive  may  be  estimated  in  the  laboratory, 
its  critical  temperature  together  with  an 
estimate  of  its  explosiveness  in  a  realistic 
geometry  and  confinement  determined  ex¬ 
perimentally  and  finally  the  behaviour  of  the  ex¬ 
plosive  assessed  in  a  liquid  fuel-fire. 

Related  studies  by  other  workers  include, 
amongst  others,  those  on  a  laboratory  scale  (4) 
(40mg  slab  geometry),  small  spherical  geometry 

(5) (ODTX)  and  large  cylindrical  geometry 

(6) (30-40  mm  diameter  X  60-75  mm  long 
cylinders)  and  Zinn  &  Mader  (7)  have  examined 
times-to-explosion  in  1 "  diameter  cylinders.  For 
the  present  work,  booster  charges  of  dimensions 
25  mm  diameter  by  25  mm  long,  similar  to  those 
employed  in  practical  munitions,  were  examin¬ 
ed.  Tetryl  boosters  of  these  dimensions  are 
known  to  be  adequate  for  initiating  the  majori¬ 
ty  of  current,  in-service  explosives.  The  test  pro¬ 
cedures  described  allow  reasonable  estimates  of 
the  behaviour  of  booster  systems  at  high  temper¬ 
atures  to  be  made.  These  tests  have  the  further 
advantage  of  demonstrating  the  violence  of  the 
booster  response  on  cook-off  (i.e.,  explosiveness) 
and  the  importance  of  this  factor  is  also 
illustrated. 

EXPERIMENTAL 

Materials  Investigated.  As  part  of  a  program  to 
replace  tetryl  (N-methyl-N-(2,4,6-trinitrophenyl)- 
nitramine)  in  lead  and  booster  applications,  a 
number  of  alternative  materials  have  been 
examined: 

a)  Debrix  2  [nominally  RDX  95%,  Wax  5%]. 

b)  LX-15  [HNS(2,2',4,4',6,6-hexanitrostilbene) 
95%,  Kel-F  800  5%j. 

c)  UK  analogues  of  PBXW-7  known  as  BX 
compounds: 

BX1  TA  i’B  60%,  Nitramine  35% 
[RDX:HMX  95:5|,  Kel-F  5% 

BX2  TATB  60%,  Nitramine  35% 
[RDX:HMX  95:5),  PTFE  5% 

BX3  TATB  60%,  Nitramine  35% 
[RDX:HMX  90:10],  Kel-F  5% 

BX-t  TATB  60%,  Nitramine  35% 
[RDX-.HMX  90:10],  PTFE  5% 

d)  AFX  521  [PYX(2,6-bis(picrylamino)-3,5- 
dinitropyridine)  95%,  Kel-F  800  5%J 

e)  PBX  9407[RDX  94%,  Exon/FPC  461  6%] 
and  a  UK  analogue  referred  to  as  PBX  9407 
(UK). 


f)  Although  not  as  shock  sensitive  as  the 
above,  PBX  9503  [TATB  80%,  HMX 15%, 
Kel-F  800  5%]  and  a  UK  analogue  referred 
to  as  PBX  9503(UK)  were  also  examined. 

Decomposition  Studies.  Thermochemical  mea¬ 
surements  were  made  using  a  Perkin-Elmer  dif¬ 
ferential  scanning  calorimeter  (DSC-2).  Sample 
masses  less  than  lmg  contained  in  aluminium 
sample  pans  were  covered  with  aluminium  lids 
secured  by  pressure  welding.  Each  lid  had  a  pin 
hole  about  0.1mm  diameter  to  allow  escape  of 
gaseous  decomposition  products.  An  empty  pan 
and  lid  served  as  the  reference.  The  ambient  at¬ 
mosphere  was  dried  argon  flowing  at  50cm3 
min-1.  Dynamic  and  isothermal  runs  were  car¬ 
ried  out  and  enthalpy  of  decomposition  values 
estimated  by  comparison  with  the  enthalpy  of 
melting  of  known  masses  of  high  purity  indium. 
Kinetic  analysis  of  isothermal  runs,  carried  out 
at  four  different  temperatures,  provided  values 
for  the  apparent  activation  energy,  E.  and  preex¬ 
ponential  factor,  A. 

Temperature  of  Ignition  Test.  Two  200mg 
samples  of  the  test  explosive  were  placed  in 
small  glass  tubes  which  were  inserted  in  cavities 
in  a  steel  block,  the  temperature  of  which  was 
raised  from  ambient  at  5K  min-1.  The  samples 
were  observed  and  the  temperature  at  which 
smoke  or  flames  seen,  was  noted  (8). 

RARDE  Small-Scale  Booster  Cook-Off  Test.  In 
this  test,  a  25mm  diameter  by  25mm  long 
cylinder  of  test  explosive  was  placed  in  a  mild 
steel  tube  (wall  thickness  6mm)  forming  a  cook¬ 
off  bomb  with  a  bursting  pressure  in  excess  of 
0.18GPa,  Figure  1.  Inert  pellets  of  pressed 
NaCl  were  employed  to  fill  the  dead  space 
within  the  bomb  which  was  placed  on  two  steel 
rods  some  110-120mm  above  the  surface  of 
2dm3  of  petrol  contained  in  an  open  square  tray 
of  side  300mm  and  the  fuel  ignited  electrically. 
This  test  has  been  carried  out  either  with  total 
confinement  or,  as  shown  in  Fig.  1,  with  '/imm 
diameter  thermocouples  fitted  to  monitor 
temperatures  at  the  centre  of  the  explosive 
charge  and  at  the  centre  of  the  inside  wall.  The 
thermocouple  wires  leading  from  the  cook-off 
bomb  were  protected  with  a  woven  carbon 
fabric  to  minimize  heat  transfer  down  the  steel 
sheath  to  the  thermocouple  probes.  The 
temperature  profiles  of  the  sample  were  record¬ 
ed  an  10s  intervals  with  a  Datron  Log-Pac  2001 
logging  system.  At  least  two  tests  on  each 
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explosive  in  total  confinement  and  one  with 
thermocouples  were  performed.  The  fragments 
resulting  from  these  tests  were  used  as  an  in¬ 
dication  of  the  explosiveness  of  the  sample,  a 
term  which  may  be  defined  as  the  magnitude 
of  the  event  produced  from  an  accidental 
stimulus. 


Fig.  1.  RARDE  Small-Scale  Booster  Cook-Off 
test  arrangement  showing  thermocouples  in 
place 

Critical  Temperature  Test.  For  this  test  the 
25mm  diameter  by  25mm  long  explosive  sam¬ 
ple  was  encased  in  an  aluminium  alloy  container 
with  3mm  thick  walls  representing  a  booster 
housing  assembly.  Steel  sheathed,  */amm 
diameter  thermocouples  wore  potted  into  the 
centre  of  the  charge  and  at  the  centre  of  the  in¬ 
side  wall  (Figure  2).  The  sample  container  had 
a  bursting  strength  in  excess  of  0.04  GPa.  The 
sample  was  lowered  remotely  into  a  heated  bath 
of  liquid  paraffin  or  silicone  oil  (depending  upon 
the  selected  temperature),  the  temperature  of 
which  was  maintained  at  ±0.5°C  by  heating 
tapes  regulated  by  a  Control  &  Readout  Model 
407  thyristor  controller  and  constant  stirring 
of  the  liquid  medium  with  nitrogen  gas.  The 
temperature  of  the  charge  at  the  centre  and  side 
was  monitored  until  either  there  was  evidence 
of  an  explosion  entirely  disrupting  the  test  sam¬ 
ple,  a  rapid  change  in  the  temperature  of  the 
centre  of  the  smple  indicating  that  a  pressure 
burst  had  occurred  or  the  slow,  exothermic 
decomposition  associated  with  ambient  temper¬ 
atures  below  the  critical  value  had  ceased.  The 
time  intervals  between  the  entire  sample 
reaching  the  preset  bath  temperature  and  the 
event  occurring  were  used  in  constructing  time- 
to-explosion  plots. 


Fig.  2.  The  experimental  arrangement  used  for 
critical  temperature  determinations 

THEORETICAL  ASPECTS 

Thermal  Explosion  Theory.  Explosives  decom¬ 
pose  exothermically  at  a  finite  rate  above  ab¬ 
solute  temperature  and  consequently,  when 
held  at  elevated  temperatures  for  any  length  of 
time,  decomposition  occurs  which  causes  fur¬ 
ther  temperature  rise  in  the  fresh  material.  If 
the  heat  thus  produced  is  not  lost  to  the  sur¬ 
rounds,  the  sample  temperature  will  continue 
to  rise  leading  to  a  runaway,  self-heating  reac¬ 
tion  or  thermal  explosion.  The  lowest  constant 
ambient  temperature  above  which  a  thermal  ex¬ 
plosion  is  produced  is  called  the  critical 
temperature  (Ter).  Various  authors  have  con¬ 
sidered  this  heat  balance  problem  (9,10,11),  and 
Zinn  and  Mader  (7)  give  an  expression  relating 
the  ambient  temperature  to  physical 
parameters  describing  a  first-order  rate  process, 

T  = - 5 -  where  (1) 

ft  r  a~6QAE  i  T  =s ambient  temperature 
*■  T“AdR  ■*  A  ^thermal  conductivity 

Q  =heat  of  reaction 

6  —  Frank-  Kamenetskii's 
shape  factor 

a  = radius  or  half  thickness 

which  when  d-*dcr,  T-*-Tcr.  Frank-Kamenet- 
skii  has  derived  values  for  dcr  for  various 
geometries  (0.88  -infinite  slab,  2.00  -infinite 
cylinder,  3.32  -sphere)  and  therefore,  for  a  fixed 
geometry  provided  values  of  E,A,g,Q,  and  X 
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are  available,  Ter  can  be  determined.  The  Frank- 
Kamenetskii  treatment  of  thermal  explosion 
theory  does  not,  in  its  original  form,  cater  for 
the  right-regular  geometry  but  the  modelling  of 
geometries  other  than  the  three  model  shapes 
by  consideration  of  a  sphere  with  equivalent 
heat  transfer  characteristics  (12)  offers  one  solu¬ 
tion  to  the  problem  and  for  the  geometry  under 
investigation,  a=  1.367cm  and  dcr=2.843. 
Values  of  E,A,  v}  and  A  which  refer  to  the  decom¬ 
position  process  that  explosives  actually 
undergo  in  practice  are  very  difficult  to  deter¬ 
mine  but  since  they  appear  in  the  logarithmic 
term  in  Eq.  1,  errors  involved  in  their  measure¬ 
ment  are  reasonably  accommodated.  Addi¬ 
tionally  there  are  assumptions  concerning  heat 
flow,  reactant  consumption  and  decomposition 
kinetics  implicit  in  Eq.  1  which  may  not  apply 
in  real  systems.  However,  results  obtained  here 
indicate  that  in  the  majority  of  cases  this  ap¬ 
proach  is  applicable  and  good  agreement  can  be 
obtained  between  measured  and  predicted 
values  of  Ter. 

Kinetic  Analysis.  The  apparent  rate  law  for 
thermal  decomposition  was  determined  from 
isothermal  DSC  studies.  Integration  of  the  out¬ 
put  from  DSC,  which  is  in  terms  of  heat  input 
per  unit  time  versus  time,  yielded  a-time  plots 
(where  a=extent  of  reaction)  which  were 
analysed  by  the  reduced-time  method  of  Sharp 
et  al.  (13).  This  technique  also  confirmed  the  ap¬ 
plicability  of  the  use  of  a  single  rate  expression 
in  the  temperature  range  studied  (14).  In  some 
cases  the  order  of  reaction  was  confirmed  by  the 
technique  described  by  Hancock  &  Sharp  (15) 
and  elsewhere  (16).  In  general  it  was  found 
possible  to  achieve  a  good  agreement  between 
a  theoretical  rate  law  and  experimental  data 
from  a=0  to  0.8/0.9.  Assuming  this  same  rate 
law  to  hold  over  the  temperature  range  studied, 
the  rate  of  reaction  as  a  function  of  temperature 
can  be  derived  from  measurements  of  f(a)  as  a 
function  of  time  at  different  temperatures  and 
hence  the  apparent  activation  energy  and  pre¬ 
exponential  factor  in  the  Arrhenius  expression 
calculated.  [f(a)=kt  is  the  rate  law  found  to  ap¬ 
ply  to  the  decomposition.) 

Critical  Temperature  and  Time-to-Explosion. 
The  general  shapes  of  the  thermocouple  traces 
from  the  critical  temperature  experiments, 
which  are  dependent  upon  the  bath 
temperature,  are  shown  ir  Figure  3.  As  the 


Fig.  3.  Schematic  curves  to  illustrate  the 
temperature  profiles  in  explosives  heated  below 
and  above  the  critical  temperature 

temperature  of  the  bath  is  raised,  so  the  rate 
of  reaction  increases  and  the  temperature  dif¬ 
ference  between  the  centre  of  the  sample  and 
the  liquid  medium  increases  to  a  maximum 
value  at  Ter.  When  T>Tcr,  the  rate  of  heat 
generation  exceeds  the  rate  of  heat  loss  and  a 
thermal  explosion  occurs.  Consequently,  by 
monitoring  the  temperature  in  the  samples  held 
at  different  bath  temperatures  the  critical 
temperature  may  be  estimated.  In  addition,  this 
experimental  technique  allows  the  time-to- 
explosion  to  be  determined  at  a  particular 
temperature.  Several  workers  have 
demonstrated  that  an  empirical  relationship  ex¬ 
ists  between  the  time-to-explosion  and 
temperature  (17-22)  and  Todes  (23)  derived  an 
analytical  expression  which,  as  Frank- 
Kamenetskii  showed  (24)  can  also  be  derived 
from  thermal  explosion  theory,  is 

t=  ■  expE/RT  where  (2) 

QAE 

t= time-to-explosion,  C= specific  heat. 

A  more  rigorous  and  general  approach  was 
adopted  by  Gray  &  Harper  (25)  but  their  solu¬ 
tion  tends  to  the  approximate  one  above  when 
certain  terms  are  ignored.  For  practical  pur¬ 
poses,  the  simple  approximation  is  found  to  be 
adequate  since,  as  noted  by  Gray  (26),  the  er¬ 
rors  in  E  commonly  exceed  the  errors  in  the  ap¬ 
proximation.  This  expression  for  time-to- 
explosion  is  ony  strictly  valid  provided  that 
reaction  consumption  can  be  ignored,  heat 
losses  are  negligible  and  C,Q,E  and  A  remain 
constant  over  the  range  of  temperatures 
studied.  In  practice,  unless  T£>Tcr,  the  amount 
of  reactant  consumption  before  explosion  is 
small  for  energetic  materials  and  as  the 
temperature  of  the  reactant  is  only  slightly 
above  the  bath  temperature  for  most  of  the  time 
before  explosion,  any  variation  of  the  ther- 
mokinetic  parameters  with  temperature  does 
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not  have  a  significant  effect  on  the  time-to- 
explosion. 

A  strict  analysis  of  the  heat  balance  problem 
based  on  a  single  source  term  Arrhenius 
kinetics  as  heat  source  predicts  a  curvature  in 
the  time-to-explosion  plots  at  low  temperatures 
(27).  However,  the  approximate  analysis  leads 
to 

F 

In  t= -  -F  In  constant  (3) 

RT 

and  allows  effective  estimates  of  E  to  be  made 
(28-30). 


RESULTS  AND  DISCUSSION 

The  tests  carried  out  with  the  RARDE  small- 
scale  booster  cook-off  test  monitored  with  ther¬ 
mocouples  indicated  that  the  temperature  of  the 
exterior  of  the  charge  rose  rapidly  once  the  fire 
was  ignited  leading  to  an  event  before  signifi¬ 
cant  heat  flow  into  the  interior  of  the  sample 
had  occurred  (Figures  4a-d).  In  Fig.  5  the  last 
recorded  temperature  on  the  outside  of  the 
charge  before  an  event  occurred  is  plotted 
against  the  laboratory-determined  temperature 
of  ignition  (T  of  I).  Even  though  larger  masses 
of  explosive  were  employed  in  the  cook-off  test 
than  in  the  T  of  I  determination,  the  temper¬ 
ature  at  event  exceeded  the  corresponding  T  of 
I  in  all  cases  indicating  that  the  overriding  fac¬ 
tor  is  the  greater  heating  rate  in  the  fuel-fire. 
It  is  evident  that  in  the  fuel-fire  the  event 
occurred  when  the  outer  shell  of  the  charge 
reached  and  exceeded  the  T  of  I  of  the  explosive. 
There  is  a  scatter  in  the  temperature  of  event 
for  the  RDX-based  explosives  which  is  probably 
due  to  the  irregular  heat  transfer  from  the  fires 
used.  A  more  regular  and  controlled  heat  source, 
as  used  for  example  in  the  NWC  small-scale 
cook-off  bomb,  would  reduce  this  scatter  as 
shown  by  Anderson  &  Pakulak  for  17  RDX- 
binder  compositions  heated  at  2.5-3.0°C  s-1 
when  times-to-event  of  92±8s  were  recorded  (2). 

The  results  of  fragment  analysis  from  these 
cook-off  tests  indicate  that  the  booster  mater¬ 
ials  exhibit  a  wide  range  of  explosiveness,  Table 
1.  In  this  test,  in  which  ignition  sites  develop 
in  the  surface  layers  of  the  explosive  while  the 
interior  remains  relatively  cool  (31,32)  the  ex¬ 
plosiveness  is  determined  by  the  rate  at  which 


Fig.  4.  Temperature/time  traces  recorded  using 
the  experimental  arrangement  shown  in  Fig.  1 
when  the  tube  is  subjected  to  a  petrol  fuel-fire, 
(a)  Debrix  2,  (b)  BX4,  (c)  HNS/Kel-F,  (d)  AFX 
521.  The  *  indicates  explosion  point. 
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Fig.  5.  Graph  of  last  recorded  temperature  of 
the  booster  at  the  explosive/wall  interface  in  the 
fuel-fire  cook-off  bomb  plotted  against  the 
temperature  of  ignition  for  the  explosive. 


TABLE  1 

Result  of  RARDE  small-scale  booster 
cook-off  tests 
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ignition  can  propagate  inwards  The  violence  of 
the  event  produced  depends  on  the  balance  be¬ 
tween  the  ease  with  which  the  initial  deflagra¬ 
tion  process  can  convert  into  a  shock-driven 
decomposition  leading  eventually  to  detonation 
(33)  before  the  gaseous  product  overpressure 
causes  loss  in  confinement  to  occur.  Other  work 
indicates  that  the  ranking  order  of  ex¬ 
plosiveness  determined  from  the  RARDE  small- 
scale  fuel-fire  test  and  the  RARDE  small-scale 
burning  tube  test  (1)  is  very  similar  and 
although,  to  date,  burning  tube  tests  have  on¬ 
ly  been  carried  out  on  tetryl  and  Debrix  2  (both 
exhibiting  high  explosiveness),  it  is  expected 
that  a  similar  ranking  order  to  that  shown  in 
the  small-scale  booster  cook-off  test  will  result. 


In  additional  work  involving  a  configuration 
where  the  RARDE  small-scale  burning  tube  is 
partially  filled  with  an  aluminised  explosive  of 
low  explosiveness  (RWA2-RDX  71%,  Wax  9%, 
A1  20%)  and  the  remaining  space  occupied  by 
a  booster  increment  (1),  tetryl,  Debrix  2,  PBX 
9407  and  PBX  9407(UK)  have  been  examined 
in  25  mm,  31.4  mm  and  40  mm  diameter 
geometries  in  the  fuel-fire  environment.  These 
tests  indicate  that,  in  general,  an  event  occurs 
when  the  booster  material  ignites  and  the  event 
type  is  dependent  upon  the  dimensions  of  the 
booster  under  test.  It  is  not  a  requirement  that 
the  booster  itself  must  detonate  to  produce  a 
severe  event  but  only  that  there  be  a  shock 
stimulus  generated  within  the  deflagrating 
booster  of  sufficient  magnitude  that  either  DDT 
occurs  in  the  booster  or  the  RWA2  is  shock  in¬ 
itiated.  By  using  this  test  it  has  been  possible 
to  determine  the  maximum  size  of  booster 
which,  in  the  test  configuration,  has  a  low  pro¬ 
bability  of  causing  a  violent  event,  Table  2. 
Although  detonation  with  either  PBX  9407  or 
PBX  9407(UK)  was  not  observed  in  the  small- 
scale  booster  cook-off  test,  the  stimulus  pro¬ 
duced  by  the  explosives  in  lengths  greater  than 
12  mm  is  sufficient  to  cause  the  RWA2  to 
detonate. 

TABLE  2 


Length/diameter  relationship  of  boosters  which 
have  a  low  probability  of  causing  violent 
events  in  fuel- fires 
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Table  3  presents  the  thermokinetic  data  for 
the  explosives  examined  in  this  study. 

Several  features  should  be  noted: 

a)  The  temperature  range  over  which  the 
DSC  experiments  were  conducted  was  adjusted 
such  that  decomposition  of  the  sample  occurred 
within  about  one  hour  of  commencing  the  ex¬ 
periment.  In  the  cases  of  RDX  and  HNS  this 
necessitated  examining  the  decomposition  pro¬ 
cess  in  a  phase  not  encountered  in  the  actual  ex¬ 
perimental  determination  of  critical  temper¬ 
ature. 

b)  A  small  sample  of  AFX  521  moulding 
powder  was  obtained  from  LANL,  Los  Alamos, 
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for  this  study  but  the  pure  explosive,  PYX,  was 
not  available.  Since  it  is  known  that  Kel-F  800 
decomposes  in  the  temperature  range  in¬ 
vestigated  on  the  DSC  (34),  there  must  be  doubt 
in  the  kinetic  analysis  of  this  material  [apparent 
rate  law  1— (1— aj1/5=kt,  er=0.2— 0.8,  E=453kJ 
mol-1,  In  A=79],  especially  as  there  is  con¬ 
siderable  deviation  between  the  experimental 
and  theoretical  reduced  time  curves  at  o<0.2. 
Fig.  6f  shows  that  the  critical  temperature 
determination  for  AFX  521  was  carried  out 
below  300  °C  and  the  activation  energy  obtained 
from  the  time-to-exp!osion  plot  has  been  used 
as  the  best  available  estimate  of  this  parameter 
and  by  making  the  assumption  that  the  specific 
heat  of  the  material  is  around  1 .05Jg-1K-1,  an 
estimate  of  the  pre-exponential  factor  has  been 
obtained  from  Eq.  2. 

c)  For  RDX  and  HMX  the  best  values  of 
Rogers  for  thermal  conductivity  are  used  (4);  for 
TATB/nitramine  mixtures  mass  averages  for 
the  values  of  the  individual  explosives  are  used 
(5)  and  for  AFX  521  and  HNS/Kel-F  thermal 
conductivities  were  estimated  by  a  modified 
Lee’s  disc  method  at  100°C. 

d)  For  mixtures  of  explosives  the  induction 
times  are  determined  almost  entirely  by  the 
more  reactive  component  (7)  and  in  the 
TATB/nitramine  explosives  the  TATB  acts 
mainly  as  a  diluent  since  it  does  not  undergo 
any  appreciable  decomposition  at  the 
temperatures  studied  (dynamic  DSC  on  TATB 
at  J.0K  min  '1  indicates  onset  of  exotherm  at 
ca.  350  °C).  Consequently,  the  kinetics  of  the 
nitramine  decomposition  are  employed  together 
with  the  estimated  thermal  conductivity  for  the 
mixtures  in  determining  Ter  for  the  BX  com¬ 
pounds  and  PBX  9503. 

The  kinetic  constants  derived  for  RDX  and 
HMX  agree  well  with  accepted  literature  values 
(e.g.,  RDX  E=199kJ  mol-1,  In  A=42.6;  HMX 
E=221kJ  mol-1,  In  A=45.4  (35):  see  also  Refs 
36  &  37  for  survey  of  decomposition  kinetics  of 
RDX  and  HMX),  but  for  HNS  the  values  of  E 
and  A  are  slightly  higher  than  other  workers 
have  reported  (egE=127kJ  mol-1,  In  A=21.1 
(4))  and  it  may  be  that  over  the  temperature 
range  studied  there  was  some  influence  from  the 
Kel-F  800  binder.  However,  as  the  DSC  analysis 
shows  excellent  correlation  with  the  theoretical 
decomposition  curve  for  the  apparent  rate  law 


assumed  from  o=0  to  0.8,  these  kinetic  data  for 
HNS/Kel-F  are  used  in  this  work.  On  the  other 
hand,  the  activation  energy  for  the  decomposi¬ 
tion  of  tetryl  is  somewhat  lower  than  that  ob¬ 
tained  by  other  workers  (20).  The  decomposition 
process  of  tetryl  has  been  identified  as  being 
autocatalytic  (3,20)  but  the  reason  for  the  low 
value  of  the  activation  energy  for  this  complex 
process  is  not  clear. 

Using  these  thermokinetic  values,  the  solu¬ 
tion  to  Eq.  1  has  been  determined  for  25  mm 
diameter  by  25  mm  long  cylinders  of  explosive. 
The  values  of  Ter  are  given  in  Table  4  together 
with  the  temperature  range  within  which  the  ex¬ 
perimental  value  of  Ter  is  found  to  lie.  The  ex¬ 
periments  on  Debrix  2  were  extended  to  ex¬ 
amine  two  extra  geometries,  namely  20  mm  X 
20  mm  and  30  mm  X  30  mm  right  regular 
cylinders.  Figures  6a-f  illustrate  the  temper¬ 
ature/time  profiles  obtained  from  the  isothermal 
bath  experiments.  Using  the  conditions  quoted 
earlier  for  determining  whether  a  runaway  reac¬ 
tion  had  occurred  or  not,  it  will  be  seen  that  the 
bracketted  temperatures  for  Ter  are  reasonably 
narrow  for  the  number  of  experiments  per¬ 
formed.  In  the  cases  of  tetryl  and  HNS/Kel-F, 
the  cut-off  between  the  sub-critical  and  super¬ 
critical  states  is  quite  sharp  and  although  there 
is  some  doubt  with  AFX  521  (see  figure  cap¬ 
tion),  this  may  also  be  the  case  with  this  ex¬ 
plosive.  With  both  tetryl  and  HNS/Kel-F  the 
central  thermocouple  records  an  initial  tem¬ 
perature  rise  which,  in  the  sub-critical  state  does 
not  develop.  With  tetryl  this  is  linked  to  the 
autocatalysis  seen  in  the  DSC  study  and  pre¬ 
cedes  the  second  longer-term  temperature  max¬ 
imum  due  to  the  decomposition  of  secondary 
products  including  2,4,6-trinitrohydroxyben- 
zene,  2,4,6-trinitrophenylmethylether  and  a 
2,4,6-trinitrophenylamine  (determined  to  be 
N-methyl-N-2,4,6-trinitrophenylamine  by  Du- 
bovitskii  et  al.  (38))  which  have  been  identified 
in  the  redisue  of  the  sample  held  at  133°C. 
Although  the  kinetic  analysis  of  HNS/Kel-F 
did  not  indicate  any  autocatalysis  in  the  liquid 
phase,  the  initial  temperature  rise  noted  at 
226°-239°C  could  be  either  a  manifestation  of 
an  autocatalytic  reaction  which  was  lost  in  the 
DSC  during  the  pre-recording  heating  state  or 
be  linked  in  some  way  to  the  presence  of  the 
binder.  This  could  also  account  for  the  slightly 
high  value  of  the  predicted  Ter.  There 
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TABLE  3 

Thermokinetic  Parameters  Determined  and  Used  in  this  Study 


EXPLOSIVE 
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TABLE  4 

Comparison  of  Predicted  and  Experimental  Values  of  Critical 
Temperatures  for  25  mm  Long  by  25  mm  Diameter  Cylindrical  Samples 


EXPLOSIVE 

Ter  Predicted 

Ter  Determined 

Tetryl 
Debrix  2 
diameter  20mm 
diameter  25mm 
diameter  30mm 
HNS/Kel-F 
PBX9503 

BX  compounds 
AFX  521 

116°C 

(a);  (b)-; 

163  C  166°C 

159°C  162°C 

156°C  159°C 

245°C 

197°C 

171°C 

330°C 

145  -  146°C 

165  -  172°C 

160  -  163°C 

150  -  155°C 

239  -  241°C 

190  -  195°C 

173  -  174°C 

275  -  280°C 

^kinetics  from  RDX  in  Debrix  2 
+kinetics  from  pure  RDX 
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Fig  6.  Temperature/time  profiles  recorded  using  the  experimental  arrangement  shown  in  Fig.  2. 
a)  Tetryl,  b)  Dcbrix  2 ,  c)  BX  compositions,  d)  PBX  9503,  e)  HNS/Kel-F  800,  d)  AFX  521.  The  * 
indicates  explosion.  NB-  for  AFX  521  the  plots  at  280°-295°C  show  no  steady  region  where  the  cen¬ 
tre  of  the  charge  is  at  ambient.  A  T275°C  the  charge  remained  at  ambient  for  12  hours  before  evapora¬ 
tion  of  the  t unsuitable )  heat  transfer  medium  caused  loss  of  isothermicity  and  hence  the  experiment 
was  aborted. 


were,  however,  no  further  temperature  excur¬ 
sions  with  any  of  these  samples  of  HNS/Kel-F, 
all  of  which  were  held  at  the  ambient  bath 
temperature  for  48  hours. 


Since  the  critical  temperature  for  tetryl,  in  the 
geometry  examined  lies  above  its  melting  point, 
heat  transfer  by  convection  as  well  as  by  con¬ 
duction  will  occur.  Merzhanov  et  al.  (39)  show 


1113 


that  their  experimental  values  for  the  critical 
temperature  of  tetryl  fall  between  those 
predicted  by  assuming  heat  transfer  by  conduc¬ 
tion  alone  and  by  convection  alone,  the  former 
(Frank-Kamenetskii)  prediction  being  the  lower. 
They  conclude  that  in  molten  tetryl  a  complex 
heat  transfer  process  is  operative.  The  low  value 
for  the  predicted  Ter  in  this  work  is  in  keeping 
with  these  previous  observations  although  it  is 
felt  that  the  large  difference  is  due  in  part  to 
the  values  of  the  Arrhenius  parameters 
employed. 

It  is  evident  from  Table  4  that  the  kinetic  con¬ 
stant?  used  to  solve  Eq.  1  for  AFX  521  are  far 
from  adequate  in  that  the  predicted  Ter  exceeds 
that  found  by  some  50  °C.  As  discussed  above, 
thermal  decomposition  work  on  the  explosive 
ingredient  PYX  is  necessary  in  order  to  avoid 
the  obvious  complication  introduced  by  the 
binder.  In  the  meanwhile,  however,  it  is  clear 
that  of  all  the  booster  materials  examined,  AFX 
521  has  the  highest  critical  temperature. 

It  will  be  noted  that  at  any  given  tem¬ 
perature,  the  times-to-event  observed  for  the 
BX  compounds  are  generally  shorter  than  those 
of  Debrix  2  at  the  same  diameter  because  of  the 
higher  thermal  conductivity  of  these  TATB- 
concaining  charges  (5). 

Using  these  temperature/time  traces,  time-to- 
explosion  plots  were  constructed,  the  starting 
point  for  the  time  measurement  being  taken 
when  the  entire  sample  had  reached  the  bath 
temperature  although  at  high  temperatures  the 
amount  of  decomposition  the  sample  had 
undergone  by  the  time  this  condition  was 
achieved  may  not  have  been  negligible.  It  was 
found  that  for  most  samples  reasonable 
estimates  of  apparent  activation  energies  are 
obtained  from  these  plots  (Figs.  7A-D  and  Table 
5).  As  discussed  earlier,  analysis  of  the  equation 
representing  the  heat  balance  problem  suggests 
that,  time-to-explosion  plots,  if  taken  over  a  wide 
enough  spread  in  temperature,  are  curved.  For 
Debrix  2,  for  which  there  are  the  most  ex¬ 
perimental  points,  no  significant  curvature  is 
detected.  Although  it  is  expected  that  there 
would  be  differences  in  time-to-event  between 
different  diameter  samples  held  at  any  one 
temperature,  the  experimental  results  show 
that,  for  the  sizes  examined,  any  differences  are 
masked  by  experimental  variations. 


A  —  TEMPERATURE/°C 

180  170  160  150 


—  TEMPER  ATURE/°C 

260  255  250  245  240 


D  —  TEMPERATURE/°C 


295  290  285  280 


Fig,  7.  Time-to-explosion  plots  obtained  from 
the  determination  of  critical  temperature  ex¬ 
periments  (A)  Tetryl  (Bj  Debrix  2,  (C)  HNS/Kel- 
F  800,  (D)  AFX  521 
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TABLE  5 

Apparent  Activation  Energies  Derived  from 
Time-to-Explosion  Plots 


EXPLOSIVE 

APPARENT 

ACTIVATION  ENERGY 
kj  aol"1 

letryl 

190.8  1  A9.3 

Debrix  2 

20a is  dlaaeter 

177.7  :  7.5 

25 diaaeter 

182. A  I  7.1 

30aa  dia&eter 

151.3  2  12. A 

All  dlaaeters 

177.3  2  5. A 

HSS/Xel-f  800 

193.9  2  10.5 

?ex  9503 

270.5  -  75.3 

SX  Coopounds 

2A9.2  2  52.0 

AfX  « 

258.1  2  A. 8 

When  confinement  is  known  to  be  total  over 
the  duration  of  the  test,  Tarver  et  al.  (27)  found 
that  an  essentially  linear  relationship  held  for 
the  time-to-explosion  against  1/T(K).  Although 
similar  plots  were  obtained,  they  found  that  if 
small  quantities  of  free  volume  were  included 
with  the  sample  the  times-to-explosion  at  a 
given  temperature  were  increased  and  at  the 
limit,  explosion  may  not  occur  at  all  if  the 
gaseous  decomposition  products  are  free  to 
escape.  These  experiments  indicate  the  impor¬ 
tance  that  confinement  has  on  the  outcome  of 
the  experiment  for  if  the  thermal  decomposition 
process  of  explosives  does  not  follow  a  one-step 
decomposition  mechanism  then  the  loss  of  in¬ 
termediate  products  which  are  involved  in  ex¬ 
othermic  processes  and  would  otherwise  lead  to 
enhanced  heats  of  decomposition,  will  result  in 
longer  induction  periods  and  higher  critical 
temperatures  than  would  otherwise  be  deter¬ 
mined  since  the  effective  heat  source  is  reduc¬ 
ed.  Indeed,  for  ODTX  experiments,  using  a 
single  source  following  Arrhenius  kinetics,  the 
Frank-Kamenetskii  model  predicts  Ter  values 
significantly  higher  than  those  observed  (27), 
whereas  for  unconfined  spheres  good  agreement 
is  found  by  applying  DSC-derived  kinetics  (40). 

Although  the  critical  temperature  data  for 
this  study  have  been  determined  under  condi¬ 
tions  of  moderate  confinement,  in  order  to 
record  the  temperatures  within  the  charges 
thermocouples  were  included  and  although 
these  were  potted  in  place,  the  whole  assembly 
was  not  entirely  gas  tight  so  that  gaseous 
species  could  escape.  The  DSC  analysis  was  also 
carried  out  under  conditions  where  similar  pro¬ 
ducts  could  escape  thereby  affording  kinetic 


data  which  in  essence  describe  the  practical 
situation  of  the  critical  temperature  test.  Pro¬ 
vided  the  confinement  is  not  too  weak  then  if 
T>Tcr  an  event  will  occur  although  at  a  longer 
time  than  if  the  confinement  were  total  (except 
for  TATB  (27))  and  therefore  it  is  to  be  expected 
that  there  will  be  some  scatter  in  the  times-to- 
explosion  plots  from  experiments  where  the  con¬ 
finement  is  neither  perfect  nor  completely 
characterised. 

The  fragments  of  the  aluminium  alloys  con¬ 
tainers  recovered  from  the  critical  temperature 
experiments  when  an  explosion  occurred  pro¬ 
duce  further  evidence  for  the  explosiveness  of 
the  samples  (Table  6).  It  is  seen  that  the  rank¬ 
ing  order  is  similar  to  that  found  in  the  fuel-fire 
tests  except  that  HNS/Kel-F  occupies  a  lower 
position  than  Debrix  %  Although,  in  general, 
events  occurring  with  the  entire  sample  at  an 
elevated  temperature  are  more  violent  than  ones 
where  the  whole  charge  is  not  heated  (because 
the  rate  of  reaction  increases  exponentially  with 
temperature),  HNS/Kel-F  produces  less  violent 
events  than  Debrix  2  in  the  Ter  test  either  be¬ 
cause  the  change  in  mechanism  from  the  ex¬ 
plosive  wave  moving  inwards  from  the  ignition 
site  (fuel-fires)  to  outwards  (Ter  test),  and/or  the 
reduced  importance  of  physico-mechanical  fac¬ 
tors,  such  as  fracture-controlled  event  propaga¬ 
tion,  at  elevated  temperatures  together  with  the 
reduced  confinement  of  these  experiments  pre¬ 
vents  DDT  occurring  in  the  HNS/Kel-F  samples. 
With  Debrix  2  such  considerations  possibly 
only  play  a  minor  role  and  severe  deflagrations 
result. 

Rogers  (4)  suggests  that  the  excellent  agree¬ 
ment  between  calculated  and  experimental 
values  of  Ter  makes  it  appear  possible  to  make 
valid  calculations  for  other  shapes,  sizes  and 
densities  of  explosives  using  the  values 
presented  in  his  paper.  Table  7  shows  the  results 
of  using  Rogers’  data  to  calculate  Ter  for  the 
experimental  geometry  reported  in  this  paper 
together  with  the  predicted  results  of  Rogers’ 
experiments  using  data  from  Table  3  of  this 
work.  It  will  be  seen  that  both  sets  of  data  pro¬ 
duce  excellent  predictions  for  RDX  and  HMX- 
based  explosives  but  for  HNS  there  are  devia¬ 
tions  which  suggest  that  neither  set  of  Ar¬ 
rhenius  parameters  describe  the  decomposition 
process  accurately. 
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TABLE  6 

Results  of  Event  Analysis  in  Ter  Tests  Where 
Explosion  Occurs 


EXPLOSIVE 

BA  I H  IEMP 

HUHStS  Of 
FfiAGMENIS 

EVENI  IVPE 

EXPLOSIVENESS 

Tetryl 

136°C 

n 

Severe  Oef lag 

138°C 

12  V 

ration,  no  H£ 

Very  High 

172°C 

left 

Debrix  2 

183  C 

10 1 

Severe  Oeflag 

ie6°c 

1°  V 

ration,  no  N£ 

Very  High 

187°C 

9  1 

left 

HSS/Kfl-r 

231°C 

?  1 

236°C 

3  y 

Deflagration 

High 

260  C 

j 

8X  1-5 

178oC 

3 

Oeflagration 

183C 

i\ 

Pressure  Sup- 

Low 

185  c 

U 

ture,  H£  left 

J£X  521 

280°C 

n 

Pressure  Pup- 

28?  C 
295°C 

u 

lure,  Ht  left 

Very  lev 

P8X9503 

195°C 

n 

Pressure  Pup- 

199  C 

216  C 

ii 

tore,  HE  left 

Very  Low 

TABLE  7 

Comparison  of  Results  of  Ter  Prediction  in  Two 
Geometries  from  Two  Sets  of  Kinetic  Data 


G10MU8X  ] 

EXPLOSIVE 

25e*  dianeter  x  25 *»  long 
cylinder 

30og  slab 

ler 

ler 

ler 

Ur 

ler 

ler 

Rogers 

Ihis  VorV 

Measured 

Boqers 

Ihls  Wore 

Measured 

801/ 

Dehrl>2 

160.5° 

i6rc 

193°C 

195°C 

162°C 

160-165° 

217°C 

218°C 

215-217° 

8X  cpds 

KMX 

0319503 

1?1°C 

193°C 

19?°C 

173-173° 

190-105° 

255°C 

252°C 

255-255° 

196°C 

2A5°t 

239-231° 

J16°C 

339°C 

320-323° 

From  the  tests  discussed  here,  it  is  shown,  in 
general,  that  the  thermochemical  data 
presented  in  Table  3  lead  to  reasonable  predic¬ 
tions  of  the  critical  temperatures  for  the  ex¬ 
plosives  of  the  critical  temperatures  for  the  ex¬ 
plosives  in  25  mm  right  regular  cylindrical 
geometry.  These  data,  together  witli  estimates 
of  the  explosiveness  of  the  samples  from  the  Ter 
tests  are  useful  in  analysis  of  slow  cook-off  of 
munitions  where  the  entire  booster  component 
may  well  achieve  the  elevated  ambient 
temperature.  Under  these  circumstances,  where 
insensitive  high  explosives  with  good  thermal 
stabilities  are  employed,  it  is  essential  that  the 
booster  is  a  material  other  than  tetryl,  which 
not  only  has  a  low  critical  temperature,  but  also 
has  high  explosiveness.  Although  thermally 
more  stable,  HNS/Kel-F  does  not  perform  well 
in  the  fuei-fire  test  where  it  exhibits  high  explos¬ 


iveness  which  could  compromise  the  safety  of 
warheads.  The  RDX-based  Debrix  2  booster  has 
a  higher  Ter  than  tetryl  but  its  explosiveness 
remains  high.  Consequently,  for  a  replacement 
for  tetryl  there  remain  two  options  where  ade¬ 
quate  shock  sensitivity  is  a  prerequisite.  These 
are  BX  compositions  (option  d)  and  AFX  521 
(obtion  b).  BX4  has  been  shown  to  have  better 
shock  sensitivity  than  Debrix  2  and  although 
its  critical  temperature  is  low,  being  controlled 
by  the  RDX  component,  its  explosiveness  is 
also  low,  being  controlled  by  TATB.  Studies  of 
the  use  of  BX4  as  a  boostering  system  in  insen¬ 
sitive  munitions  are  therefore  being  pursued. 
Recent  studies  have  shown  that  the  perfor¬ 
mance  of  AFX  521  is  poor  compared  with  tetryl. 
However,  where  the  low-temperature  response 
of  BX4  is  not  applicable,  then  AFX  521  can  be 
tailored  for  use  in  special  circumstances  despite 
its  performance  and  work  along  these  lines  is 
being  followed. 

CONCLUSIONS 

It  is  shown  that  a  combination  of  laboratory 
scale  and  small  bomb-chamber  scale  te°ts  can 
be  used  to  predict  and  measure  the  critical 
temperature  of  new  explosive  compositions  in 
dimensions  and  confinements  typical  of  booster 
systems.  Although  some  problems  were  en¬ 
countered  in  examining  polymer-bound  ex¬ 
plosives  at  high  temperatures,  it  is  demon¬ 
strated  that  good  correlations  are  obtained  bet¬ 
ween  measured  and  calculated  values  of  critical 
temperature  using  thermokinetic  data  derived 
from  DSC  experiments.  This  is  believed 
to  be  a  consequence  of  the  fact  that  both  the 
self-heating  and  the  DSC  measurements  were 
made  under  conditions  where  gaseous  decom¬ 
position  species  could  escape.  As  estimates  of 
the  explosiveness  of  the  materials  can  also  be 
obtained  from  these  tests,  they  provide  a  valu¬ 
able  tool  in  the  evaluation  of  new  compounds 
for  sei  vice  use.  Using  these  techniques  it  is  sug¬ 
gested  that  the  future  path  to  new  booster  ex¬ 
plosives  may  lie  along  that  followed  in  the 
development  of  PBXW-7  whereby  high  and  low 
explosiveness  materials  are  combined  in  such 
proportions  that  the  low  explosiveness  material 
dominates.  Provided  other  factors,  such  as 
shock  sensitivity,  are  sensibly  addressed  there 
is  scope  for  the  production  of  many  suitable 
materials  which  should  perform  better 
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than  tetryl  and  also  impart  greater  safety  to 

warheads. 
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DERIVATION  OF  THE  DETONATION  CRITERION 


Evan  Harris  Walker 
US  Army  Ballistic  Research  Laboratory 
US  Army  Materiel  Command 
Aberdeen  Proving  Ground,  Maryland 


We  derive  an  approximate  closed  form  equation  for  the  critical  P2T 
criterion  for  explosive  initiation  based  on  the  shear  band  theory  of 
explosive  initiation.  The  theory  assumes  that  shock  loading  of  ex¬ 
plosives  produces  a  calculable  shear  velocity  resulting  in  shear  band 
formation.  Heating  within  the  shear  bands  leads  to  hot  spot  forma¬ 
tion  which  in  turn  leads  to  nxplosive  initiation.  As  an  example  of  the 
use  of  the  derived  equation,  we  calculate  P2T  for  Composition-B. 


INTRODUCTION 

Walker  (1)  has  reported  on  the  derivation  of 
an  expression  for  the  shear  band  velocity  in  a 
shock  loaded  homogeneous  di-constituent  ex¬ 
plosive.  He  has  used  this  expression  together 
with  the  Frey  shear  band  theory  of  explosive 
initiation  to  calculate  values  of  P2T  for  ex¬ 
plosives.  where  P  is  the  pressure  to  which  the 
explosive  is  shock  loaded  and  T  is  the  temporal 
duration  of  the  applied  pressure.  In  that  treat¬ 
ment,  the  origin  of  the  P2T  condition  as  such 
was  not  derived.  The  approach  used  a  computer 
code  developed  by  R.  Frey  (2)  to  solve  the  prob¬ 
lem  of  heat  evolution  and  exchange  during  the 
growth  of  shear  bands.  In  the  present  paper,  ap¬ 
proximate  expressions  are  obtained  for  the 
development  of  the  shear  bands  which  are  used 
to  obtain  a  closed  form  expression  for  the  P2T 
criterion.  Such  an  expression,  though  approx¬ 
imate,  has  considerable  utility  in  exhibiting  the 
important  parameters  that  determine  the  sen¬ 
sitivity  of  an  explosive  in  terms  of  the  {.  hysical 
and  thermodynamic  properties  of  that  ex¬ 
plosive. 

The  P2T  criterion  for  the  onset  of  detonation 
was  first  proposed  by  Walker  and  Wasley  (3). 
The  criterion  has  been  extensively  studied  and 
supported  by  experimental  data  (4-8).  The 
criterion  is  essentially  equivalent  to  the  critical 
total  energy  fluence  h  (since  £=put;  u  being  the 
particle  velocity  and  p  =e0uv,  q0  being  the 


ambient  explosive  density,  we  obtain  e— p2t/ 
C0v;  e0v  is  nearly  constant  for  pressures  of  in¬ 
terest).  An  understanding  of  the  processes  by 
which  initiation  of  detonation  occurs  requires 
an  understanding  of  the  P2T  mechanism. 

A  number  of  studies  (9-13)  have  sought  to 
derive  or  calculate  values  for  the  P2T  criterion, 
but  none  has  provided  a  strictly  physical  theory 
free  of  ad  hoc  assumptions  as  to  the  origin  and 
distribution  of  initiation  sites,  “hot  spots,”  or 
the  assumed  initiation  temperature  distribution 
behind  the  shock  front.  The  necessity  of  the 
“hot  spot”  concept  of  Bowden  and  Yoffe  (14), 
and  Eyring  (15)  comes  from  the  fact  that,  under 
shock  initiation  conditions,  the  bulk  tempera¬ 
ture  of  the  explosive  produced  by  adiabatic  com¬ 
pression  is  generally  too  low  to  ignite  the  ex¬ 
plosive.  Bowden  and  Yoffe  (14)  developed  the 
theory  of  adiabatic  compression  of  air  cavities 
in  the  explosive  as  the  source  of  hot  spots.  (See 
also  the  work  of  Starkenberg  (16). )  Mader  (17) 
has  suggested  void  closure  in  the  explosive  as 
the  mechanism  for  hot  spot  formation  and 
Seeley  (18)  has  suggested  jetting  during  the 
void  closure.  Frey  (19)  has  looked  in  some  detail 
at  the  micromechanics  of  hot  spot  formation, 
considering  in  addition  to  the  effects  of  air  cavi¬ 
ty  compression  and  void  closure  impacts  on  the 
heating  of  explosive  material,  heating  due  to  the 
viscous  flow  of  explosive  during  cavity  collapse. 
Delpuech,  et  al  (20),  have  proposed  shock 
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induced  free  radical  formation  as  the  mech¬ 
anism  underlying  hot  spot  formation.  Never¬ 
theless,  these  mechanisms  have  not  been  tied 
to  a  P2T  criterion.  The  shear  band  mechanism 
proposed  by  Frey  (2),  however,  has  been  used 
to  calculate  (1)  the  critical  value  of  P2T  for 
Composition-B.  It  is,  therefore,  important  to  tie 
the  shear  band  mechanism  for  hot  spot  forma¬ 
tion  directly  to  the  condition  that  the  critical 
value  of  P2T  for  an  explosive  is  a  constant. 

WORK  DONE  BY  SHEAR  FORCES 

The  work  W  per  unit  volume  done  in  shear¬ 
ing  is  given  by  the  general  expression 

dW  =  IlOjj  d  £;j  (1) 

i  J 

where  ai  j  is  the  shear  stress  in  the  plane  nor¬ 
mal  to  the  Xj-axis  directed  along  the  Xj-axis  of 
a  Cartesian  coordinate  system,  and  £jj  is  the 
corresponding  strain.  If  we  have  shears  only  on 
surfaces  normal  to  the  y-axis,  directed  only  in 
the  z  direction,  with  the  corresponding  strains, 
we  can  write  simply 

d W  =  oy  z  d  £yz  (2) 

The  shear  stress  for  a  viscoplastic  material  for 
such  a  flow  is 

o  —  u  ^  +  °9  (35 

yz  dy 

where  v2  i.’  the  shear  velocity  in  the  direction 
of  the  z-a::is  varying  in  the  y  direction.  The 
strength  of  the  material  is  given  by  oa,  while  p 
is  the  viscosity.  The  development  of  the  shear 
bands  takes  place  in  essentially  two  stages:  (1) 
initial  development  of  shear  failure  planes  and 
(2)  viscous  heating  of  the  shear  layers.  In  the 
first  stage,  the  material  undergoes  elastic  defor¬ 
mation  up  to  shear  failure,  so  that  the  viscosi¬ 
ty  term  in  Equation  (3)  plays  no  role;  and  in  the 
second  stage  the  shear  strength  drops  to  zero: 

o3  =  0  (4) 

During  stage  two,  the  principal  heating 
phase,  we  can  re-express  Equation  (3)  as 

oyt  =  MdvI/dy=/Jf^=d|  <5’ 


or  writing  £yz  for  dz/dy  and  rearranging 

d£yZ  =  y<Vdt  (6) 

Therefore,  we  can  substitute  for  d£yz  in 
Equation  (2)  to  obtain,  on  integrating 

w  =  jJ  V*  o> 

THE  SHEAR  VELOCITY  IN 
DI-CONSTITUENT  EXPLOSIVES 

Walker  (1)  has  given  an  expression  for  the 
shear  velocity  in  an  explosive  consisting  of  two 
materials.  For  a  matrix  material  having  densi¬ 
ty  Ci  and  sound  velocity  containing  grains 
with  density  q2  and  sound  velocity  u2,  a  shock 
pressure  p  gives  rise  to  particle  velocities  vt 
and  v2  satisfying 

P  =  eiUjVj  =  e2u2v2  (8) 

Therefore,  the  shear  velocity  vs,  the  difference 
between  Vj  and  v2  is 

vs  =  p  /  e2u2  ~  giui 
'  Plul(?2u2 

As  shown  in  Figure  1,  the  shear  velocity  initially 
causes  a  strain  to  develop  in  the  matrix 
material.  (A  similar  process  occurs  in  the 
grains.)  Where  2n  is  the  number  of  shear  bands 
in  the  spacing  of  2D  between  grains  in  the  ex¬ 
plosive  mixture,  at  a  time  t  the  strain  ndd  (as 
shown  in  Figure  1)  will  be 

ndd  =  vgt  (10) 

and  also  the  number  of  bands  between  the  wall 
and  center  between  grains  is  given  in  terms  of 
the  average  band  spacing  d  by 

n  =  D/d  (11) 

When  the  strain  dd/d  reaches  a  critical  distor¬ 
tion  angle  dmax- 

dd/d  =  0m8X  (12) 

shears  develop  in  the  material.  As  shears  begin 
to  develop,  however,  stress  relief  waves  prop¬ 
agate  from  these  incipient  shears  into  the  sur¬ 
rounding  material.  This  means  that  the  next 
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Fig.  1.  Schematic  diagram  showing  (a)  the  differential  velocity  field  produced  behind  a  shock  pass¬ 
ing  through  a  di-component  explosive,  (b)  a  detail  of  the  initial  strain  due  to  the  differential  velocity 
flow  (exaggerated),  and  (c)  a  schematic  of  the  shear  bands  of  thickness  xb  separated  by  unsheared 
material  of  thickness  d 


nearest  shear  will  be  located  on  the  average  a 
distance  Ujt  away.  Since  this  distance  is  also  d 
we  have 

Ujt  =  d  (13) 

so  that  solving  we  have 

d  =  0maxDul/vs  <14> 

0max  can  be  re-expressed  in  terms  of  Poisson’s 
ratio  v,  the  ultimate  shear  strength  omax  and 
the  Young’s  elastic  modulus  E  by 

9mux  =  2  (1+v)  omux/E  (15) 

The  width  of  ihe  band  when  os~*  0  can  be 
calculated  in  terms  of  the  heat  made  available 
by  the  formation  of  these  shears  during  the  time 
t  in  which  the  shear  banding  structure  forms. 
Thus,  using  energy  conservation  to  determine 
the  thickness  of  the  layer  heated  we  write 

xb<?lQf  =  °max  vb  1  <l6> 

where  Qf  is  the  latent  heat  of  fusion  and  vb.  the 
shear  velocity  for  a  single  band,  is  given  by 


nxb  =  2(1  +  v)  Domax2  /  GiQfE  (19) 

From  Equations  (9)  and  (19)  we  can  obtain  the 
average  velocity  gradient  across  the  shear: 

dvz  ..  v*  =p  SiQfE  ,e2u2~ Clul  \ 

dy  nxb  2(1  +v)Domax2  V  Qluie2u2  ) 

(20) 

This  expression  can  then  be  used  to  obtain  oyz 
from  Equation  (3)  where  Equation  (4)  holds. 

THE  P2T  CONDITION 

Substituting  from  Equation  (20)  into  Equa¬ 
tion  (3)  with  os  set  to  zero,  we  have 

0  _  p _ MCsQfE _ /(?2u2  ~  giui\ 

2  (1+v)  Domax2  V  g]UjG2u2  '(21) 

Substituting  this  expression  for  oyz  into  Equa¬ 
tion  (7)  gives 


vb  “  vs/n 

Thus,  we  obtain  for  xb 


GiQfE 

2  (1  +  v)Domax2 


62u2~eiul 

e1u1e2u2 


a*;. 


Y  —  °max  ^max^ 

Xb  -  — 

n  Q\  Qf 

or,  substituting  from  Equation  (15), 


(18) 


(22) 

where  the  constants  (or  slowly  varying  parame¬ 
ters)  have  been  factored  from  under  the  integral. 
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The  energy  W  (per  unit  volume)  goes  into 
heating  the  material  in  the  shear  band.  Where 
ATig  is  the  temperature  rise  above  the  melt 
temperature  required  to  bring  the  matrix  to  the 
“ignition  temperature”,  we  can  express  the 
critical  value  for  W  by 

Wcrit  =  eiCvATig  (23) 

where  Cv  is  the  specific  heat  of  the  matrix 
material.  Strictly  speaking,  there  is  no  specific 
ignition  temperature.  Instead  there  exists  a 
relationship,  the  Arrhenius  equation,  relating 
rate  of  heat  evolution  to  the  temperature  of  the 
explosive.  However,  for  the  shock  loading  times 
of  major  interest,  i.e.,  in  the  range  of  l-100gs, 
the  dependence  of  Tig  on  the  shock  loading  time 
varies  slowly.  Heat  evolution  rises  exponential¬ 
ly  with  temperature,  which  in  turn  further 
elevates  the  explosive  temperature;  as  a  result, 
the  initial  temperature  necessary  to  produce 
complete  combusion  within  the  shear  band  in 
a  time  of  lps  will  differ  very  little  from  that  re¬ 
quired  for  complete  combustion  in  lOOps.  For 
this  reason,  we  can  ignore  the  dependence  of  Tig 
on  the  shock  loading  time  in  order  to  retain  a 
closed  from  expression  for  Wcrit.  Defining  Qh 
as  the  P2  time  integral  for  the  shear  band 
heating  phase,  we  have  from  Equations  (22)  and 
(23): 

Qh  =  f  P2rft 

_CvAT,g  [2(I-MDoma/2 
<?lP  [  QfE 

/  glUlg2u2  \  2  (24> 

V  <?2u2“Glul  J 

Equation  (24)  provides  an  approximate  expres¬ 
sion  for  the  P2T  criterion  in  terms  of  the 
physical  and  thermodynamic  properties  of  an 
explosive  under  the  conditions  of  matrix  initia¬ 
tion.  A  corresponding  expression  for  grain  in¬ 
itiation  may  be  given  in  which  D  and  omax  are 
calculated  for  grain  shearing.  The  P2T  criterion 
is  given  by  the  expression  in  Equation  (24)  if  the 
matrix  goes  into  shear  before  the  grains,  as  in 
Composition-B.  If  the  grains  shear  with  the 
matrix  deforming,  the  quantities  p2,  u2  will  be 
for  the  matrix  and  all  other  quantities  for  the 
grains. 


In  addition,  we  can  derive  the  critical  pressure 
Pcrit  for  the  onset  of  ignition.  From  Equations 
(9),  (11)  and  (14),  we  obtain  the  number  of  shear 
bands  produced  by  shock  loading  the  explosive: 

n  =  p  .  e2u2~eiui  (25) 

Clul62u2ul®max 

Setting  n  =  1,  we  obtain  pcrit. 

pcrit  =  elUle2U2UI9max  (26) 

$2U2  -  eiUi 

For  Composition-B  we  have  the  following 
values  for  the  quantities  in  Equations  (24)  and 
(26): 

Matrix  (TNT) 

Cv  =  1.29  x  105  J/Kg°K 

ATig  =  Tig  -  Tmelt  =  720°C 

Pi  =  1.63  x  103  Kg/m3 
Uy  =  2.08  x  103  m/s 
p  =  1.39  x  10~2  Kg/ms 
v  =  0.3 
Grain  (RDX) 

D  =  5  x  10-6m  (21) 
p2  =  1.8  x  103  Kg/m3 
u2  =  2.65  x  103  m/s 


Composition-B  bulk  quantities 

°max  =  7-°  x  107  Pa 
Qf  =  8.96  x  104  JKg 

E  =  5.4  x  109  Pa 

From  Equation  (24)  these  values  yield 

Qh  =  9.8  x  1012  Pa2s  (27) 

From  Equation  (26)  we  obtain 

pcril  =  8.22  x  108  Pa  (28) 

or  about  8  kbars;  the  experimental  value  is 
about  7  kbars. 

In  addition  to  the  frictional  heating  in  the 
shear  bands,  once  ignition  of  the  explosive  at 
these  hot  spots  has  occurred,  combustion  must 
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continue  if  a  detonative  shock  pressure  is  to 
form.  If  a  rarefaction  wave  arrives  too  early,  in 
the  process,  the  rate  of  heat  evolution  will  drop 
and  cooling  or  mechanical  dispersal  of  the  ex¬ 
plosive  can  extinguish  the  ignition  process. 
Therefore,  if  the  burn  is  to  be  maintained,  the 
externally  applied  shock  pressure  must  be  main¬ 
tained  until  this  external  source  of  pressure  is 
replaced  by  internal  sources.  The  internal 
sources,  of  course,  must  be  the  hot  spots  which 
generate  pressure  by  combustion.  We  require 
that  the  externally  applied  pressure  p  be  main¬ 
tained  for  a  time  tb  sufficiently  long  that  if  at 
the  end  of  this  time  the  external  pressure  is 
relieved,  the  internal  pressure  will  just  match 
that  loss  of  pressure.  (Note  that  this  internal 
pressure  will  not  lead  to  mechanical  disruption 
of  the  explosive  until  a  relief  wave  can  arrive 
from  the  explosive  surface.)  Since  we  are  con¬ 
cerned  with  compact  explosives  here,  the  energy 
density  is  equal  to  the  pressure  generated. 
Thus,  to  produce  a  pressure  p  from  the  combus¬ 
tion  of  an  explosive  having  a  “bomb”  pressure 
(bomb  at  full  density)  p*.  a  fraction  p/p*  must 
be  burned.  Where  Ub  is  the  burn  velocity  and 
d  the  distance  between  shear  bands,  we  require 

p/p*  =  Ub  tb/('/jd)  (29) 

Thus,  the  total  P2T  value  of  the  critical  condi¬ 
tion  for  explosive  initiation  will  be 

Qtot  =  Qh  +  Qb  (30) 

where  Qb  is  given  by 

Qb  ~  P2  lb  =  P3d/2Ub  p*  (31) 

Of  course,  the  burn  velocity  Ub  is  itself  a  func¬ 
tion  of  the  pressure.  Kondrikov,  Raikova,  and 
Samsonof  (22)  give 

ub  =  qBpv  (32) 

where  q  is  the  explosive  density,  p  the  pres¬ 
sure  B  and  v  are  constants  with  values 
B=0.0219g/cm2s  atmv  (20-100Atm), 
B  =  0.0094g/cm2s  atmv  (100-450  Atm);  v  =  0.77 
(20-100  Atm),  v  =  0.95  (100-450  Atm).  We  ob¬ 
tain  p*  for  TNT  using  the  TIGER  computer 
code  (23),  giving  p*  =  9.67  x  109  Pa.  At  10 
kbar,  (1.014  x  109  Pa),  Ub  =  0.97  m/s  so  that 
Qb  =  2.26  x  1011  Pa2s.  Since  Ub  is  approx¬ 
imately  proportional  to  pressure,  Qb  varies 
quadratically  with  the  pressure.  Thus,  Qb  will 
not  be  as  important  as  Qh  until  we  reach  shock 
pressures  of  more  than  6.68  x  109  Pa  (66  kbar). 


This  latter  value  is  only  approximate  since  this 
pressure  lies  outside  the  range  for  which  values 
of  Ub  are  accurate. 

From  Equations  (27),  (30),  and  (31),  we  obtain 
for  the  total  theoretical  value  of  the  critical  P2T 
for  Composition-B  at  10  Kbars 


Qtot 


,  .  ,  10.0  x  1012  Pa2s 

theoretical 


(33) 


Using  value  of  1500  KJ/m2  (see  (24)  pg  9-48)  for 
the  critical  energy,  3.24  km/s  for  the  shock 
velocity  at  10  Kbars  (see  (24)  pg  7-32)  and  a  den¬ 
sity  of  1.70  x  103  Kg/m3,  we  obtain 


Qtot 


,  =  8.26  x  1012  Pa2s  (34) 

experimental 


The  two  values  are  reasonably  close. 

But  more  than  this,  the  theory  also  lets  us 
calculate  a  quite  satisfactory  value  for  the 
critical  ignition  pressure  as  obtained  in  Equa¬ 
tion  (28). 


CONCLUSIONS 

We  have  obtained  an  approximate  closed 
form  expression  for  the  P2T  criterion  for  ex¬ 
plosive  initiation  based  on  the  shear  band 
theory  of  explosive  ignition,  and  an  expression 
for  the  critical  shock  pressure  for  the  onset  of 
ignition.  While  the  resulting  expressions  depend 
on  quantities  that  are  only  pooly  known  in 
many  cases,  the  equations  exhibit  explicitly  the 
factors  controlling  explosive  sensitivity.  The 
resulting  equations  show  a  dependence  of  the 
P2T  criterion  on  particle  size  for  fixed  mass 
fractions  of  the  constituents,  and  for  fixed  par¬ 
ticle  size,  shows  P2T  increases  as  the  portion  of 
matrix  (TNT  in  Composition  B)  is  increased. 
The  P2T  criterion  and  the  critical  shock 
pressure  equations  obtained  here  exhibit  ex¬ 
plicitly  the  important  parametors  determining 
the  sensitivity  of  an  explosive  to  initiation  by 
shear  band  heating  in  terms  of  the  explosive’s 
physical  and  thermodynamic  properties. 
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DISCUSSION 

JAG  SHARMA,  Naval  Surface  Weapons 
Center 

To  illustrate  shear  bands  and  dislocations  you 
have  drawn  beautiful  squares  and  cubes.  In  real 
cases  when  we  have  randomly  shaped  particles, 
do  you  visualize  concentration  of  shear  forces  at 
sharp  points  so  that  the  reaction  will  be 
dominating  on  surfaces?  My  results  show  more 
reaction  on  surfaces  of  randomly  shaped  particles 
than  in  the  bulk. 


REPLY  BY  E.  H.  WALKER 

Figure  1  shows  a  very  simple  and  regular  pat¬ 
tern  of  shear  bands  associated  with  idealized 
grains.  In  actual  explosives  things  are  not  so  sim¬ 
ple,  of  course.  It  would  be  useful  to  run  a 
hydrocode  to  model  more  of  the  details  of  shear 
band  formation,  so  that  we  could  see  the  effects 
of  grain  shape  and  orientation  on  the  motion  of 
the  matrix  materials.  We  know  that  such  a  treat¬ 
ment  would  still  give  us  about  the  same  result 
for  the  shear  velocity  V3.  We  also  know  that  the 
number  and  distribution  of  shear  bands  will  be 
strongly  dependent  on  the  shape  and  orientation 
of  the  grains.  The  density  of  shear  bands  should 
increase  for  increasing  angularity  of  the  grains. 
Reference  1  gives  a  scanning  electron  micrograph 
of  shear  bands  in  an  actual  explosive  that  has 
been  subjected  to  shocks.  The  shapes  of  these 
shear  bands  are  quite  different  from  those  il¬ 
lustrated  in  my  Figure  1,  but  the  density  of  the 
shear  bands  is  consistent  with  my  calculations. 
In  summary,  sharp  grains  should  enhance  the 
shear  band  initiation  process  making  the  ex¬ 
plosive  more  sensitive. 


DISCUSSION 

RON  LEE,  Lawrence  Livermore  National 
Laboratory 

How  can  one  account  for  pre-shock  desensitiza¬ 
tion  with  a  shear-band  model? 


REPLY  BY  E.  H.  WALKER 

The  effects  of  pre-shock  desensitization  have 
not  been  looked  at  in.  the  present  study.  To  keep 
the  treatment  simple,  heat  conduction  away  from 
the  shear  bands  has  been  ignored.  In  Robert 
Frey’s  computer  model  of  shear  band  hot  spot 
formation,  heat  conduction  is  retained  in  the 
model  making  it  possible  to  look  at  the  effects 
of  desensitization  that  pre-shocks  will  have  on  the 
band  formation  process.  These  pre-shocks  initiate 
band  formation,  generating  heat  that  will  conduct 
into  the  surrounding  matrix  and  increase  the 
width  of  the  melted  zone  in  the  bands.  This 
results  in  wider  bands,  larger  values  of  Xb,  which 
increases  Qn,  thus  desensitizing  the  explosive. 

DISCUSSION 

LOUIS  ZERNOW,  Zernow  Technical 
Services  Inc.,  California 

In  order  to  help  answer  the  previous  question 
about  the  desensitization  of  explosives  due  to 
precompression  and  various  other  aspects  of  sen¬ 
sitivity  related  to  the  generation  of  slip  bands  and 
other  hot  spot  sources  which  may  not  be  direct¬ 
ly  related  to  porosity,  it  would  appear  that  the 
application  of  dislocation  theory  to  the  deforma¬ 
tion  of  the  explosive  crystals  should  provide  a 
very  useful  approach,  ultimately  capable  of  be¬ 
ing  quantified.  That  approach  has  already  been 
discussed  by  C.  S.  Coffey  of  NSWC  (WOL),  in  the 
seventh  paper  of  the  first  general  session.  Pre¬ 
compression  desensitization  might  be  explained 
by  the  increased  shear  stress  required  to  cause 
slip  on  a  slip  band,  in  the  presence  of  a  stress  nor¬ 
mal  to  the  slip  band,  thereby  requiring  a  larger 
shock  amplitude  to  generate  the  slip  bands  in  a 
precompressed  crystal. 
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SHOCK  INITIATION  OF  HNAB  BY  ELECTRICALLY 
DRIVEN  FLYER  PLATES 


E.  Hasman,  M.  Gvishi,  Z.  Segalov,  Y.  Carmel,  D.  Ayalon  and  A.  Solomonovici 
Government  of  Israel,  Department  of  Science 
P.O.  Box  2250,  Haifa,  Israel 


The  shock  initiation  threshold  of  HNAB  (Hexanitroazobenzene)  ex¬ 
plosive  has  been  measured  using  pressure  pulses  generated  by  flyer 
plate  impact.  The  flyer  plates  were  accelerated  by  an  electrically  ex¬ 
ploded  metallic  foil  (electric  gun)  up  to  velocity  of  2.5  mm/psec 
generating  impact  pressures  up  to  4.5  GPa  lasting  between  40  nsec 
and  210  nsec. 

It  was  found  that  as  the  pressure  duration  gets  longer,  the  initiation 
threshold  curve  swings  away  from  the  P2t= constant.  For  long  (200 
nsec)  pulses,  the  initiation  criterion  becomes  one  of  a  constant 
pressure.  This  constant  threshold  pressure  is  2.9  GPa  at  1.6  gr/cm3 
(grain  size  is  5pm). 

Decreasing  the  density  or  the  grain  size  of  the  explosive  reduced  the 
impact  pressure  threshold. 

No  difference  was  found  between  the  threshold  sensitivity  of  the  two 
polymorphic  phases  HNAB  (I,  11). 


INTRODUCTION 

Explosive  materials  are  utilized  in  a  number 
of  systems  in  the  area  of  terminal  ballistics. 

Effective  design  and  performance  analysis  of 
a  system  employing  explosive  materials  are 
dependent  upon  good  knowledge  of  initiation 
threshold  of  the  explosive,  as  well  as  other  fac¬ 
tors  like  thermodynamic  behavior,  stability,  etc. 

The  purpose  of  this  work  was  to  study  the 
shock  initiation  threshold  of  HNAB  (1)  to  im¬ 
pact  pressure.  HNAB  is  of  interest  due  to  its 
high  melting  point  (~220°C)  and  relative  insen¬ 
sitivity  as  compared  to  PETN,  HNS  (Drop 
Hammer  Test  (2)).  However,  little  is  known 
about  its  initiation  characteristics  by  planar 
shock  waves  (3).  In  this  work,  we  have  concen¬ 
trated  on  shock  initiation  by  very  short  dura¬ 
tion  pulses  with  pulse  length  varying  from  40 
to  200  nseconds.  We  were  particularly  inter¬ 
ested  in  the  initiation  threshold  dependence  on 
the  polymorphic  forms  (HNAB  I,  II),  grain  size, 
shock  curation,  pressure  and  explosive  densi¬ 
ty.  The  electric  gun  is  a  versatile  tool  for 


such  high  pressure  short  shock  wave  research. 
Only  small  quantities  «lg)  of  explosive  are  re¬ 
quired  for  testing,  so  the  testing  can  be  done 
in  enclosed  firing  tank  with  good  diagnostic  ac¬ 
cess  and  quick  experimental  turn  around. 

The  electric  gun  (4)  produces  a  well 
characterized  shock  stimulus.  Flyer  plates  were 
accelerated  by  an  electrically  exploded  metallic 
foil  up  to  a  velocity  of  2.5  mm/psec,  generating 
pressures  up  to  4.5  GPa  upon  impact  with  the 
HNAB  samples. 

THE  ELECTRIC  GUN  AND  DIAGNOSTIC 
TECHNIQUE 

Experiments  were  conducted  to  study  the  ef¬ 
fect  of  density,  morphology,  grain  size  and  pulse 
duration  on  the  shock  initiation  threshold  of 
HNAB,  using  an  electric  gun  similar  to  the  one 
previously  described  by  Chau  et  al.  (4). 

The  electric  gun  (slapper)  was  usually  com¬ 
posed  of  copper  foil  (thickness  8pm,  area 
lmmXlmm),  and  polymide  or  polyester  flyer 
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(Fig.  1).  The  flyer  diameter  was  defined  by  1mm 
diameter  brass  barrel  (1mm  long)  which  was 
clamped  onto  the  foil  flyer  laminate.  The  elec¬ 
trical  firing  system  included  a  3pF  capacitor 
charged  up  to  5.5  KV  DC. 

The  inductance  L  and  the  resistance  R  of  the 
equivalent  circuit  (see  Fig.  1)  including  the  foil, 
dictates  an  under  damped  oscillatory  current 
waveform.  Flyers  velocities  up  to  2.5mm/^S 
were  measured  by  electric*  and  electroptic 
methods  calibrated  by  the  Gurney  model  (5),  (6). 

The  final  flyer  velocity,  Vf,  is  given  in  Fig.  2 
as  a  function  of  <Jb,  the  burst  current  density 
in  the  foil  by  the  following  equation: 

V{=(1.765  Jb+0.918)(-^-+-|-)-,/j  (1) 

Where  Jb  is  expressed  in  TA/m2,  C  is  the 
mass  of  the  copper  foil  per  unit  area  which  is 
backed  by  flyer  mass  M  per  unit  area. 


electroptic 

DIAGNOSTICS 

1 


Q  EXPLOSIVE  pellet 

(  Trrvn  1  3***  f  ) 


BARREL 

(I  Orrvrr  1  |  Omm  t  ) 


Fig.  1.  Schematic  diagram  of  electric  gun 
arrangement 

A  one  dimensional  semiempirical  model  (6) 
was  used  to  describe  the  exploding  foil. 

It  was  based  on  the  four  following  equations: 


3Q/3t=J(t)2/o(t)p(t)  (2) 

rfU)=rf0(l+a(T(t)— T0))  (3) 

C  +RI+r{(t)I+  -g~(^  l(A)dA  + qo)=0  (4) 

Q=c(T  V)-£(T0V0)  (5) 


where  Q  is  the  heat  capacity  per  unit  mass  of 
the  metal  foil.  J  is  the  current  density  through 

*  shorted  electrode  method 


the  foil’s  cross  section,  o  is  the  electric  conduc¬ 
tivity,  q  is  the  mass  density  and  rfo,  r{  are  the 
initial  and  dynamic  resistivities  of  the  foil.  T0 
and  T  are  the  ambient  and  dynamic  (time  vary¬ 
ing)  temperatures  respectively,  while  a  is  the 
linear  resistance  coefficient. 


Fig.  2.  Flyer  velocity  vs.  burst  current  density, 
for  various  flyer  plates  thickness  and  8pm  cop¬ 
per  foil  thickness 

Equation  (2)  describes  the  ohmic  heating  in 
the  foil,  while  its  time  dependent  resistance  is 
given  by  equation  (3),  assuming  a  linear  re¬ 
sistance  coefficient. 

The  current  in  the  circuit  is  described  'oy  equa¬ 
tion  (4),  where  q0  is  the  initial  charge  on  the 
capacitor  C.  Equation  (5)  describes  the  equation 
of  state  of  the  foil  material  as  a  function  of 
temperature,  and  the  specific  volume  V. 

These  equations  were  solved  on  the  following 
assumptions: 

a)  The  volume  of  the  exploding  foil  is  constant 
up  to  the  burst  point. 

b)  The  specific  resistivity,  changes  linearly  with 
temperature  up  to  the  exploding  temper¬ 
ature  Tb,  while  the  ratio  Tb/T0  is  a  charac¬ 
teristic  constant  for  each  foil  material,  and 
was  experimentally  found  to  be  Ilb/Rosl20 
for  copper  foil.  Using  that,  we  can  show  that 
the  current  density  J(t)  and  the  burst  time 
tb  satisfies  (4)  equation  (6) 

g= /0lkj2(t)dtsconst.  (6) 

c)  The  equation  of  state  was  based  c  n  a  semi¬ 
empirical  model  for  the  internal  energy  t=e 
(T,V).  The  energy  equation  was  composed 
from  three  parts:  The  elastic  energy  (low 
temperature  component),  which  was  neg¬ 
lected  in  the  numerical  calculation:  the 
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thermal  energy  of  atoms;  and  the  electronic 
contribution  especially  at  high  temperature. 

d)  The  duration  of  the  exploding  process  is 
much  shorter  than  the  time  of  energy’s  dis¬ 
sipation,  i.e.  heat  of  conductance,  radiation 
losses,  heat  phase  transformation,  etc.  are  all 
neglected. 

These  equations  were  numerically  solved  (6). 
A  compa-'  f  calculated  (solid  lines)  and 
measured  (a.  ,,  voltage  and  current  waveforms 
in  the  foil  during  its  exploded  process  up  to  the 
burst  point  are  given  in  Fig.  3. 


TIME  (MICROSECONDS) 


Fig.  3.  The  calculated  current  l(t)  and  voltage 
V(t)  ! solid  lines)  are  compared  to  measured 
values  (dots)  for  one  representative  experiment 

KX PLOSIVE  PREPARATION 

II NAB  is  a  thermally  stable  explosive  for  use 
ir:  ordnance  components.  The  crystal  density  of 
HNAB  Phase  I  is  1.8  gr/cc  and  that  of  Phase 
1 1  is  1.75  gr'cc.  The  detonation  velocity  is  7300 
m/sec,  and  detonation  pressure  20  GPa  (g=  1.6 
gr/cc). 

HNAB  (2,2',4.4',6,6'-hexanitroazobenzene) 
was  synthesized  in  a  two  step  reaction  follow¬ 
ing  O’Keefe's  procedure  (7):  (a)  the  preparation 
of  IINHB  (hexanitrohydrazobenzene)  by  the 
reaction  between  picryl  chloride  and  hydrazine; 
(b)  oxidation  of  H'JHB  to  HNAB  —  best  done 
by  the  use  of  strong  nitric  acid. 

Recrystallization  of  the  crude  HNAB  can  be 
done  from  various  solvent  mixtures.  All  pure 
products  obtained,  although  differing  in  physi¬ 
cal  apprearance,  are  orange-red  crystals  melting 
at  223-224  C.  Changes  in  recrvstallization  con¬ 
ditions,  cause  the  formation  of  particles  of  dif¬ 


ferent  but  controlled  mean  size,  as  was  detected 
by  Sub  Sieve  Sizer  and  the  Scanning  Electronic 
Microscope  (Fig.  4  -a,b). 

Two  major  changes  in  HNAB’s  appearance 
can  be  observed  before  melting.  (1)  at  the  range 
of  150  °C  the  color  of  the  crystals  deepens  and 
turns  red.  (2)  a  small  portion  melts  at  approx. 
190°C.  These  facts  confirm  polymorphic 
changes.  The  transformation  of  HNAB  Phase 
I  to  the  higher-energy  less-stable  Phase  II  is 
consistent  with  the  endotherm  observed  in  the 
Differential  Scanning  Calorimetry  (DSC)  spec¬ 
trum.  (Fig.  5). 


(b) 

Fig.  4.  Morphology  pictures  of  HNAB  by  SEM 
magnification  10  pm 

a)  HNAB  -  I  - - - 

b)  HNAB  -  II 

The  HNAB  samples  were  fabricated  to  the 
desired  bulk  sample  densities  1.15  to  1.67  g/cm3 
and  particles  size  5pm,  20pm  and  40pm,  using 
a  hydraulic  press  technique.  The  charge  (ex¬ 
plosive  pellets)  were  5mm  in  diameter  and  7mm 
long. 
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Fig.  5.  Phase  transformation  of  HNAB-I  to 
HNAB-II  from  DSC  measurements 

RESULTS  AND  DISCUSSION 

Many  experiments  were  performed  in  order 
to  ensure  good  statistics  for  the  initiation 
threshold  data.  In  each  experiment  we 
measured  the  foil's  current  and  voltage 
waveforms.  The  flyer  velocity  was  controlled 
(by  adjusting  the  burst  current  density)  be¬ 
tween  0.7  to  2. 5  mm/ps  as  in  Fig.  2.  Using  that 
data  we  calculated  the  pressures  generated  by 
the  flyer  (Kapton  or  Mylar)  impact  on  the  ex¬ 
plosive  pellet  by  impedance  matching  method, 
using  the  Hugoniot  curves  (6.8)  of  each  material. 
The  shock  initiation  threshold  of  HNAB  has 
been  measured  for  a  pulse  duration  between  40 
and  210  nsec  as  determined  by  the  flyer  plates 
thickness,  d,  from  76.2  to  350pm.  The  impact 
duration  r  is  given  by  Ts2d/Ua  where  Us  is  the 
shock  velocity  in  the  flyer  plate.  The  initiation 
threshold  pressure  vs.  impact  duration  for 
various  bulk  densities  is  plotted  in  Fig.  6. 

We  examined  the  dependence  of  the  critical 
energy  upon  the  shock  duration,  r,  to  see  if  the 
critical  energy  P2T=constant  can  be  taken  as 
a  shock  initiation  threshold  criteria  (9).  (The  ex¬ 
plosive  was  also  investigated  at  two  polymor¬ 
phic  phases  HNAB  I,  II).  The  results  clearly  in¬ 
dicate  that  as  the  duration  of  the  initiating 
pulse  gets  longer,  the  threshold  curve  swings 
away  from  the  curve  P2T=constant.  For  long 
pulses  the  initiation  criterion  becomes  one  of  a 


constant  pressure.  The  constant  threshold 
pressures  (from  the  results  of  350pm  flyer 
plates)  were  2.9  GPa  at  a  density  of  1.6  gr/cm3 
(as  previously  measured  a  constant  pressure  by 
Schwarz  in  ref.  1),  2.2  GPa  at  1.4  gr/cm3  and  1.9 
GPa  at  1.2  gr/cm3  (see  Fig.  6). 

We  reach  the  conclusion  that  at  short  pulse 
duration  the  critical  energy  for  initiation  is 
smaller  than  that  at  long  pulse  duration.  At 
density  of  1.6  gr/cm3  and  thin  flyer  initiation 
(76.2pm  corresponding  to  42  nsec  pulse  dura¬ 
tion),  the  critical  energy  is  12  J/cm2.  This 
critical  energy  gets  larger  at  longer  pulse  dura¬ 
tion.  For  instance  at  350pm  flyer  thickness  (200 
nsec  pulse  duration)  the  critical  energy  is  36 
J/cm2.  The  efficiency  of  transferring  electric 
energy  from  the  capacitor  to  kinetic  energy  of 
the  flyer  is  greater  with  initiation  by  the  76.2pm 
flyer  than  with  initiation  by  the  350pm  flyer. 


Fig.  6.  Threshold  input  pressure  us.  pulse  dura¬ 
tion  for  various  bulk  densities  of  HNAB 

The  powder  morphology  plays  a  significant 
role  in  the  shock  initiation  sensitivity  of  HNAB. 
The  initiation  threshold  vs.  grain  size  is  given 
in  Fig.  7.  This  data  is  indicative  that  the 
threshold  increases  with  the  explosive  grain 
size,  as  can  be  expected  from  hot  spot  model 
(10).  From  the  investigation  of  the  initiation 
threshold  of  HNAB  I  and  HNAB  II,  at  two 
polymorphic  phases,  we  conclude  that  there  is 
no  difference  between  the  sensitivities  of  the 
two  phases  for  the  same  grain  size. 
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Fig.  7.  Threshold  impact  pressure  vs.  grain  size 

of  HNAB.  Point  No.  1  is  an  under-estimate  for 

the  threshold  impact  pressure  at  40pm  particle 

size 
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SHOCK  SENSITIVITY  AND  PERFORMANCE  OF 
SEVERAL  HIGH  EXPLOSIVES 


M.  Kroh,  K.  Thoma,  W.  Arnold,  U.  Wollenweber 
Messerschmitt-Bolkow-Blohm  GmbH 
D-8898  SchrobenhausenAV.  Germany 


A  series  of  experimental  and  theoretical  investigations  have  been  per¬ 
formed  on  several  explosives  to  get  shock  initiation  and  performance 
data  such  as  shock  to  deflagration  and  deflagration  to  detonation 
transition  pressure  thresholds,  critical  energies  for  shock  initiation, 
detonation  velocities,  detonation  pressures  and  Gurney  velocities. 
A  modified  gap  test  arrangement  has  been  used  to  determine  the 
shock  to  deflagration  to  detonation  transition  (SDDT)  behavior.  The 
result  is  a  characteristic  SDDT  curve  which  exhibits  the  well  defined 
transition  from  shock  to  deflagration  at  low  pressures  and  the  follow¬ 
ing  build  up  to  detonation.  Using  the  pressure  time  profile  of  the 
shock  wave  which  is  transmitted  into  the  acceptor  charge  and  causes 
a  chemical  reaction,  the  critical  energy  for  shock  initiation  can  be 
calculated.  To  determine  the  performance  of  the  explosives  cylinder 
test  experiments  and  BKW  computer  code  calculations  have  been 
carried  out.  'The  values  such  as  Gurney  velocity,  detonation  velocity 
and  detonation  pressure  which  were  calculated  give  a  good  descrip¬ 
tion  of  the  explosive  performance. 


INTRODUCTION 

Sensitivity  and  performance  data  are  often 
used  for  comparison  to  select  an  explosive  for 
a  special  warhead.  For  commonly  used  ex¬ 
plosive  compositions  based  on  RDX  and  HMX 
the  sensitivity  increases  with  increasing  perfor¬ 
mance  due  to  the  increasing  RDX  or  HMX  con¬ 
tent.  This  means,  that  only  the  knowledge  of 
both,  the  sensitivity  and  the  performance 
enables  us  to  find  out  the  light  explosive  with 
a  performance  sufficiently  high  and  with  a  sen¬ 
sitivity  sufficiently  low. 

This  paper  describes  theoretical  and  ex¬ 
perimental  investigations  which  were  conducted 
on  several  explosives  to  get  sensitivity  and  per¬ 
formance  data. 

A  modified  gap  test  arrangement  was  used  to 
provide  data  for  the  characteristic  shock  to 
deflagration  to  detonation  transition  curve 
(SDDT)  which  yields  the  shcck  sensitivity.  The 
shock  sensitivity  which  is  determined  by  the 
reaction  pressure  threshold  at  which  a  chemical 
reaction  in  the  explosive  appears  and  by  the 


following  transition  from  deflagration  to 
detonation  is  given  in  terms  of  the  thickness  of 
the  attenuating  material  or  in  terms  of  the  cor¬ 
responding  peak  pressure.  Combining  these  ex¬ 
perimental  gap  test  results  with  computer  code 
calculations  of  the  shock  wave  profile  yields  the 
critical  energy  for  shock  initiation.  This  energy 
is  given  by  the  integral  /p(t)u„  (t,)dt  where  p(t) 
is  the  pressure-time  profile  of  the  shock  wave 
which  is  transmitted  into  the  acceptor  charge 
and  up(t)  is  the  particle  velocity. 

The  performance  of  an  explosive  composition 
can  be  described  by  the  Gurney  velocity,  the 
detonation  pressure  and  the  detonation  veloci 
ty.  To  get  the  Gurney  velocity  standard 
cylinder  test  experiments  have  been  carried  out 
and  the  expansion  of  the  copper  wall  was 
measured.  The  copper  wall  velocity  at  the  ex¬ 
pansion  ratio  3  yields  the  Gurney  velocity.  The 
detonation  velocities  and  detonation  pressures 
were  calculated  using  Mader's  BKW  computer 
code  (1). 

The  explosives  which  were  tested  and  the 


experiments  which  were  carried  out  are  listed 
in  Table  1.  The  grain  size  of  HNS  which  was 
pressed  with  5%  binder  was  1-5  pm,  the 
Aluminum  in  the  RDX  explosives  had  a  grain 
size  less  than  75pm  and  the  plastic  binder  PB 
was  Polybutadiene. 


TABLE  1 

Explosives  and  Experiments 


Explosive 

Density 
(gcirf  3) 

Sensitivity 

Test 

Performance 

Test 

HNS 

§  =  160 

+ 

TNT 

(pressed) 

?  =  160 

+ 

+ 

HMX/PB 

85/15 

§  =166 

§  =  171 

+ 

+ 

ROX/AI/PB 

67/18/15 

§  =  155 

+  * 

§  =  1  65 

4- 

ROX/AI/PB 

71/16/15 

§  =  165 

+ 

+ 

*  tested  at  20 CC  and  110°C 


SHOCK  SENSITIVITY 

Experimental.  A  modified  Gap  Test  set  up  as 
shown  in  Fig.  1  was  used  to  investigate  the 
shock  induced  shock  to  deflagration  to  detona¬ 
tion  transition  behavior  (2,  3).  The  set  up  con¬ 
sists  of  a  Tetryl  donor  charge  with  a  diameter 
of  57.5  mm,  a  length  of  50  inm  and  a  density 
of  1.557  g'cnv*  which  is  centrally  initiated.  The 
attenuator  gap  is  a  cylinder  of  Plexiglas  with 
a  diameter  of  70  mm  whose  linear  Hugoniot 
relation  Us=a+bup  is  given  by  a=2.56i  mm/ps 
and  b=  1.595.  The  density  is  1.186  g/cm3.  The 
acceptor  charge  has  a  diameter  of  58  mm  and 
a  length  of  20  mm.  The  motion  of  the  unreacted 
acceptor  material  or  the  reaction  products  at 
the  free  surface  of  the  acceptor  charge  is 
photographed  using  a  rotating  mirror  camera 
in  framing  mode.  The  time  sequence  of  the 
frames  is  about  1.3  ps.  The  calibration  curve 


which  gives  the  shock  peak  pressure  as  a  func¬ 
tion  of  the  Plexiglas  thickness  is  shown  in  Fig. 
2.  The  peak  shock  pressure  can  be  described  by 
the  following  relations 

PG  =  98  exp  (-0.0292  XG),  20  <  XG  <  40  mm 


PG  =  101  exp  (-0.0275  XG),  30  <  XG  £  100  mm 


Fig.  1.  Modified  gap  test  set  up 


Fig.  2.  Modified  gap  test  calibration  curve 

Procedure.  The  time  history  of  the  motion  of  the 
reacted  or  unreacted  acceptor  material  at  the  free 
surface  of  the  acceptor  charge  is  obtained  from 
the  high  speed  photographic  records.  A 
quadratic  expression  in  time  was  then  fitted  to 
the  data  points  to  get  the  escape  velocity  of  the 
accelerated  material.  Plotting  the  calculated 
escape  velocities  versus  the  shock  peak  pressures 
in  the  Plexiglas  gap  at  the  interface  Plexiglas- 
acceptor  yields  the  characteristic  SDDT  curve 
for  any  explosive. 
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SDDT  Curve.  The  typical  SDDT  curve  as  shown 
in  Fig.  3  can  be  divided  into  three  regions 
representing  the  shock,  the  reaction  or  deflagra¬ 
tion,  and  the  detonation  region  respectively. 


For  weak  shock  pressures  PG  <  PGil  a  shock 
wave  will  he  transmitted  into  the  acceptor 
charge  without  initiating  any  reaction.  As  the 
shock  pressure  P(i  is  increased,  a  pressure  P(i  u 
is  reached  where  the  curve  displays  an  abrupt 
increase  in  velocity.  This  point  is  called  the  reac¬ 
tion  threshold.  As  the  pressure  is  increased  fur¬ 
ther,  the  reaction  builds  up  to  detonation  and  the 
escape  velocity  increases  up  to  a  pressure  PGj) 
where  detonation  is  detected.  PG1)  represents 
the  detonation  threshold.  I  f  the  pressure  P(;  ex¬ 
ceeds  the  threshold  pressure  PG[}  then  the 
escape  velocity  remains  nearly  constant  and  is 
in  the  order  of  the  detonation  velocity. 

RESULTS 

The  SDDT  curves  for  the  explosives  listed  in 
Table  1  are  presented  in  graphical  form  as  a  plot 
of  the  pressure  PG  in  the  Plexiglas  versus  the 
escape  velocity  Utisc  The  plots  are  shown  in  the 
Figs.  4-10.  The  curves  show  a  well-defined  tran¬ 
sition  from  shock  to  deflagration  which  can  be 
determined  within  an  accuracy  of  ±  1  kbar.  The 
build-up  from  deflagration  to  detonation  often 
covers  a  wide  pressure  range  which  depends  on 
the  type  of  the  explosive  composition.  Due  to 
that  the  detonation  threshold  can  be  described 
only  by  a  pressure  interval. 

The  SDDT  behavior  of  HNS  is  shown  in  Fig.  4 


Fig.  4.  Sensitivity  curve  for  HNS 


HNS  exhibits  a  reaction  threshold  of  approx¬ 
imately  32  kbar  followed  by  a  rapid  build-up  to 
detonation  within  4-6  kbar.  The  detonation 
threshold  where  the  reaction  products  are  blown 
off  with  nearly  a  constant  initial  velocity  of  7 
mm/ps  is  in  the  order  of  36  to  38  kbar. 

TNT  pressed  to  a  density  of  1.60  g/cm3  is 
more  sensitive.  The  reaction  threshold  is  20  kbar 
followed  by  a  detonation  threshold  between  25 
and  30  kbar.  The  growth  of  reaction  to  detona¬ 
tion  occurs  over  a  pressure  range  of  5-10  kbar 
(Fig.  5). 


U,»  [mm/pi] 

Fig.  5.  Sensitivity  curve  for  TNT 

The  SDDT  curve  for  the  plastic  bonded  HMX 
(HMX/PB  85/15)  is  shown  in  Fig.  6.  Up  to  a 
pressure  of  28  kbar  the  explosive  does  not  react. 
At  this  point  the  SDDT  curve  displays  an 
abrupt  increase  in  Uesc  which  characterizes  the 
reaction  threshold  PGr.  HMX/PB  exhibits  a 
more  gradual  build-up  to  detonation  compared 
to  TNT  and  HNS  with  a  detonation  threshold 
between  38  and  45  kbar. 


U,u 

Fig.  6.  Sensitivity  curve  for  HMX/PB  85/15 

The  results  for  the  RDX/A1/PB  67/18/15  explo¬ 
sive  which  contains  Aluminum  are  shown  in  Figs. 
7. 8. 9.  For  that  explosive  composition  the  SDDT 
curves  for  two  different  temperatures  and  den¬ 
sities  were  determined  to  see  the  temperature  and 
density  effect  on  the  reaction  and  detonation 
pressure  thresholds.  The  SDDT  curve  obtained 
for  the  lower  density  of  1.55  g/cm3  at  a  temper¬ 
ature  of  20  °C  and  110°C  is  shown  in  Fig.  7. 
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to  1.65  g/cm3  shifts  the  thresholds  to  higher 
values  as  can  be  seen  on  Fig.  8.  The  reaction 
threshold  is  now  32  kbar  instead  of  19  kbar  for 
the  lower  density  and  the  detonation  threshold 
is  now  about  45-50  kbar  instead  of  35-45  kbar. 


Unl!rm/psl 


Fig.  8.  Density  effect  on  the  sensitivity  curve 
for  RDX/AUPB  67/18/15 


By  heating  the  explosive  up  to  a  temperature 
of  1 10°C  no  significant  influence  on  the  reaction 
or  detonation  thresholds  can  be  detected  for  the 
higher  density  as  well  as  for  the  lower  density 
(Fig.  9). 
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Fig  7.  Temperature  effect  on  the  sensitivity 
curve  for  RDX/AUPB  67' 181 5  (q-1.55  g  - nr*. ) 

"1  he  reaction  threshold  at  ambient  temperature 
is  19  kbar  and  the  detonation  threshold  is  in  the 
order  of  35  to  45  kbar.  This  wide  pressure  range 
between  the  reaction  threshold  and  the  detona¬ 
tion  threshold  indicates  a  very  gradual  build-up 
to  detonation  for  that  type  of  explosive  mixture. 
Increasing  the  temperature  from  20^0  to  1 10gC 
has  no  detectable  influence  on  the  reaction  or 
detonation  threshold  as  can  be  obtained  from 
Fig.  7.  Increasing  the  density  from  1,55  g/cm3 


Fig.  9.  Temperature  effect  on  the  sensitivity 
curve  for  RDX/AUPB  67/18! 15  (q—1.65  g/cm3) 

By  increasing  the  RDX  content  from  67  to  71 
percent  without  changing  the  density  the  sen¬ 
sitivity  is  increased  too  as  shown  in  Fig.  10.  The 
reaction  threshold  for  RDX/A1/PB  71/15/14  is 
28  kbar  followed  by  a  detonation  threshold 
within  40  to  45  kbar.  The  shock  region  does  not 
differ  significantly  from  the  RDX/A1/PB 
67'  18/ 15  explosive 

The  experimental  shock  sensitivity  results  are 


Fig.  10.  Sensitivity  curve  for  RDX/AUPB 
71/15/14  and  67/18/15 


summarized  in  Table  2  in  terms  of  the  threshold 
peak  pressui  os  in  the  attenuating  Plexiglas.  The 
most  important  parameter  for  the  shock  sen¬ 
sitivity  of  an  explosive  is  the  reaction  threshold 
PGR.  If  the  acceptor  charge  is  large  enough 
then  it  will  detonate  if  it  is  initiated  by  a  shock 
wave  of  pressure  equal  to  its  reaction  threshold. 
The  reaction  develops  from  low  order  reaction 
to  full  detonation.  The  reaction  threshold  does 
not  depend  on  the  acceptor  length.  The  detona¬ 
tion  threshold  on  the  contrary  decreases  with 
increasing  acceptor  charge  length  (2). 

CRITICAL  ENERGY  FOR  SHOCK 
INITIATION 

The  threshold  pressures  PGR  and  PGG  given 
in  Table  2  are  the  peak  pressures  in  the  Plex¬ 
iglas  gap  at  the  interface  Plexiglas-acceptor. 


The  values  PGR  and  PGD  are  determined  not 
only  by  the  chemical  composition  of  the  accep¬ 
tor  material  and  its  physical  state,  but  also  by 
the  dimensions  of  the  test  set  up.  These  dimen¬ 
sions  control  the  times  at  which  rear  and  lateral 
rarefaction  waves  can  arrive  at  the  shock  front 
and  influence  the  shock  pressure.  Different 
pressure-time  profiles  can  be  obtained.  The  ex¬ 
plosive  response  differs  as  the  stimulus  differs 
and  gives  different  threshold  pressures  in  dif¬ 
ferent  tests.  The  threshold  values  are  only 
representative  for  the  given  gap  test  set  up.  In 
other  words,  not  only  PGR  and  PGD,  but  also 
the  pressure-time  profile  should  be  specified  in 
each  test.  If  the  pressure  profile  of  the  reaction 
threshold  PGR  is  known,  then  the  critical 
energy  which  is  given  by  the  integral  / p  (t)  up(t) 
dt  can  be  calculated.  This  value  does  not  depend 
on  the  geometry  of  the  test  set  up. 

To  get  the  time  profile  of  the  reaction  pressure 
threshold  PGR,  computer  code  calculations  were 
performed.  A  Lagrange  representation  in  cylin¬ 
drical  symmetry  was  used  to  model  the  gap  test 
arrangement.  The  detonation  of  the  donor 
charge  was  described  by  the  CJ-volume  burn 
technique.  For  the  donor  charge  the  J  WL  equa¬ 
tion  of  state  was  used  with  the  corresponding 
JWL  parameters.  The  gap  material  and  the 
unreacted  acceptor  charge  was  described  by  a 
linear  shock  equation  of  state. 

RESULTS 

The  calculated  peak  pressures  for  various 
Plexiglas  thicknesses  are  in  good  agreement  with 


TABLE  2 

Experimental  Shock  Sensitivity  Results 


1 

Explosive 

Density  j 

. "1 

Temp. 

Reaction 

Detonation 

(g/cm3)  | 

1 

1.60 

(°C) 

Threshold 

Pgr  <kbar> 

Threshold 

PGD  (kbar) 

HNS 

20 

32 

36-38 

TNT  (presses 

1.60  i 

20 

20 

25-30 

HMX/PB  85/15 

1.71  | 

20 

28 

38-45 

KDX/AL'PB  6718/15 

1.55  | 

20 

18 

35-45 

1.55  | 

110 

18 

35-45 

1.65  i 

20 

32 

45-50 

1.65  | 

110 

32 

45-50 

RDX/A1/PB  71/14/15 

1.65  1 

! 

20 

28 

39-42 

_ 
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Fig.  11.  Calculated  pressure  profiles 

the  experimental  values  as  indicated  in  Fig.  2. 
The  pressure  profiles  at  the  end  of  a  40  mm  and 
45  mm  Plexiglas  gap  with  peak  pressures  of  32 
kbar  and  28  kbar  respectively  are  shown  in  Fig. 
11.  From  these  pressure  profiles  the  critical 
energies  for  the  corresponding  explosives  are 
obtained  by  evaluating  the  integral  fp  (t)  up  (t) 
dt  where  pit)  is  the  pressure  profile  of  the  shock 
wave  in  the  acceptor  and  up  (t)  the  particle 
velocity.  The  results  with  an  accuracy  of  about 
10  percent  are  listed  in  Table  3. 


TABL1C  3 
Critical  Energies 


Explosive 

' 

Density 

(gcrri3) 

Temp 

[°CI 

^Cnt 

(KJ/m2! 

HNS 

1.60 

20 

3600 

HMX/PB85/15 

171 

20 

2500 

RDX /A! /F6 67/1 8/15 

165 

20 

3400 

165 

110 

3400 

ROX/A1/PB71/14/15 

165 

20 

2400 

The  critical  energies  given  in  Table  3  show 
that  the  explosives  are  very  insensitive  to  shock 
waves  compared  to  Comp.  B  and  PBX  9404  for 
instance  with  critical  energies  of  1500  kJ/m2 
and  630  kJ/m2  (4).  The  critical  energy  for 
HMX/PB  85/15  is  in  the  same  order  of  mag¬ 
nitude  as  the  critical  energy  which  was 
measured  by  H.  Moulard  (5)  for  RDX/PB  88/12 
at  a  lower  density.  The  critical  energy  for  HNS 
is  more  than  twice  the  critical  energy  given  in 
(4)  for  HNS  I,  density  1.55  g/cm3. 

PERFORMANCE 

To  characterize  the  performance  which  can  be 
described  by  the  detonation  velocity,  the 
detonation  pressure  and  the  Gurney  velocity, 
BKW  computer  code  calculations  and  standard 
cylinder  test  experiments  have  been  performed. 
For  this  test  a  copper  cylinder  with  a  wall 
thickness  of  2.5  mm,  an  outer  diameter  of  2 
Rn=30  mm  and  a  length  of  300  mm  was  used. 
The  motion  of  the  copper  wall  was  recorded  us¬ 
ing  a  rotating  mirror  camera.  A  function  of  the 
form  R-R0=A+B  t  +  C  exp(— Dt)  was  then 
fitted  to  the  experimental  data  points.  The  wall 
velocity  at  the  expansion  ratio  R/R0=  3  yields 
the  Gurney  velocity.  Additionally  the  detona¬ 
tion  velocity  was  measured  with  self  shorting 
pins  200  mm  apart  in  contact  with  the  copper 
wall. 

RESULTS 

The  results  from  the  cylinder  tests  together 
with  the  BKW  calculations  are  summarized  in 
Table  4.  The  experimental  detonation  velocities 
are  in  good  agreement  with  the  calculated 
values.  The  deviation  is  less  than  2.5  percent. 
The  Gurney  velocity  for  RDX/A1/PB  71/14/15 
is  nearly  the  same  as  for  TNT  and  comparable 
to  the  Gurney  velocity  for  H-6  as  given  in  (4). 
Due  to  the  high  energy  explosive  H MX,  the 
Gurney  velocity  for  HMX/PB  85/15  is  2.72 
mm/ps  for  the  lower  density  and  2.79  mm/ps  for 
the  higher  density.  These  values  are  comparable 
to  those  for  Cyclotol  and  Comp.  B  (4). 

SUMMARY 

An  investigation  of  3  plastic  bonded  high  ex¬ 
plosives  together  with  TNT  and  HNS  is 
presented.  The  plastic  bonded  high  explosives 
contain  RDX  and  Aluminum  or  HMX. 


TABLE  4 

BKW  Calculations  and  Cylinder  Test  Results 


Explosive 

Density 

BKW  Calculations 

Cylinder  Test  Experiments 

DCJ[ms  l] 

PCJ  [kbar] 

Dexp 

VR-R0=3otms_1l 

Vr2E[mmgs  *] 

TNT  (pressed) 

1.60 

7060 

202 

6930 

1440 

2.49 

HMX/PB 

1.64 

1 

263 

8180 

1580 

2.72 

85/15 

1.71 

1 

292 

8280 

1650 

2.79 

RDX  A1  PB 
67/18/15 

1.65 

7500 

221 

7350 

1430 

2.47 

RDX  A1  PB 
71/14/15 

1.65 

7560 

228 

7600 

1440 

2.47 

The  sensitivity  of  the  explosives  is  measured 
with  a  modified  gap  test  and  using  the  results 
of  this  test  critical  energies  are  calculated.  The 
results  for  reaction  and  detonation  thresholds 
are  summarized  in  Table  2,  the  calculated 
critical  energies  are  given  in  Table  3.  Finally  the 
performance  of  the  explosives  was  investigated 
using  cylinder  test  experiments  and  BKW 
calculations.  The  results  are  presented  in  Table 
4.  With  the  given  data  the  described  plastic- 
bonded  high  explosives  which  can  withstand 
high  temperatures  are  characterized  in  their 
sensitivity  and  performance  and  thus  can  be 
compared  to  standard  TNT-bonded  high 
explosives. 
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DISCUSSION 

D.  TASKER,  NSWC 

1.  It  has  been  observed  by  Liddiard  and 
myself  that  the  pressure/gap  thickness  calibra¬ 
tion,  of  the  modified  gap  test,  exhibits  a  kink 
due  to  the  arrival  of  lateral  rarefactions  at  the 
center  of  the  PMMA.  Can  you  explain  why 
there  was  no  evidence  of  this  in  your 
calibration? 

2.  Liddiard  has  demonstrated  a  double  knee 
structure  in  the  response  of  pressed  explosives, 
notably  with  TATB/KelF  compositions.  Conse¬ 
quently,  when  observing  materials  such  as  HNS 
where  the  opponent  initiation  pressures  are  low 
(as  in  your  data),  the  first  knee  may  not  be 
observed  as  it  is  below  the  range  of  the  test  1 
stress  caution,  therefore,  in  the  interpretation 
of  your  data,  your  apparent  initiation  threshold 
may  be  that  of  the  second  knee  and  thus  too 
high. 
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REPLY  BY  K.  THOMA 

1.  The  kink  caused  by  lateral  rarefaction 
waves  could  not  be  resolved  by  our  measuring 
techniques. 

2.  As  mentioned  in  the  paper  of  Liddiard,  the 
initiation  behaviour  is  strongly  influenced  by 
preparation  techniques,  particle  size  and  binder. 
We  know  from  comparisons  of  our  HNS  with 
and  without  binder  that  the  initiation  behaviour 
changes  essentially.  The  double  knee  structure 
was  observed  for  rather  different  types  of  ex¬ 
plosives  with  different  grains,  binder,  etc 
For  our  type  of  HNS  we  can’t  detect  the  dou¬ 
ble  knee  although  we  investigated  the  range  of 
pressures  where  it  should  appear. 


DISCUSSION 

JULIUS  ROTH,  Consultant, 

Portola  Valley,  CA 

Our  studies  of  the  shock  initiation  of  HNS  II 
in  both  gap  test  and  wedge  test  geometries  were 
reported  in  the  Proc.  of  the  5th  Detonation 
Symposium.  For  ~1.6  g/cc  HNS  pellets  pressed 
without  binder,  of  HNS  of  ~15  pm  particle  size, 
we  found  a  threshold  shock  of  23  kbar,  and  a 
“threshold”  of  about  17  kbar  for  wedge 
geometry  (50  pm  diam.).  A  23  kbar  threshold 
leads  to  a  “critical  energy”  of  about  1400 
KJ/m2  in  reasonable  accord  with  the  values 
quoted  by  Dobratz  (your  Ref.  4). 

REI  uY  BY  K.  THOMA 

As  stated  by  J.  Roth,  his  HNS  differs  from 
ours  in  particle  size  and  the  use  of  binder.  We 
are  aware  of  the  fact  that  by  our  preparation 
technique  with  5%  binder  the  HNS  becomes 
more  insensitive  than  HNS  pressed  without 
binder. 
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A  COMPUTATIONAL  INVESTIGATION  OF  THE  EFFECT  OF  SHIELDING  IN 
MITIGATING  SHOCK  INITIATION  STIMULI  PRODUCED  BY  IMPACT 


John  Starkenberg,  Toni  M.  Dorsey,  Kelly  J.  Benjamin 
U.S.  Army  Ballistic  Research  Laboratory 
U.S.  Army  Materiel  Command 
Aberdeen  Proving  Ground,  Maryland 


We  have  conducted  a  study  of  the  role  of  shielding  in  reducing  the 
shock  initiation  stimulus  for  a  simple  one-dimensional  representa¬ 
tion  of  the  problem  of  sympathetic  detonation  of  munitions.  We  found 
that  single-layered  shields  made  of  materials  with  low  acoustic  im¬ 
pedance  generally  produce  a  complex  shock  wave  structure  in  the 
acceptor.  This  complex  structure  is  associated  with  a  low  level  of  in¬ 
itiation  stimulus  because  of  the  breakup  into  several  weaker  shocks 
and  the  reduction  of  f p2dt.  High-impedance  shield  materials  also 
substantially  reduce  the  initiation  stimulus,  but  without  the  accom¬ 
panying  shock  breakup  effect.  Increasing  shield  thickness  improves 
performance  and  can  change  the  order  of  effectiveness  of  shield 
materials.  With  multilayered  shields  composed  of  high-impedance 
and  low-impedance  material  we  observed  shock  structures  depending 
strongly  on  the  ordering  of  the  material  in  the  shield.  Multiple-shock 
structure  was  usually  observed  when  the  high-impedance  material 
was  the  outer  component  of  the  shield  and  sufficient  low-impedance 
material  was  present.  Single  compression  waves  with  variable  peak 
pressures  and  rise  times  were  usually  observed  when  the  low- 
impedance  material  was  the  outer  component  of  the  shield.  Substan¬ 
tial  benefits  in  terms  of  shock  breakup  and  Jp2dt  reduction  can  be 
obtained  by  increasing  the  thickness  of  three-layered  shields,  which 
were  found  to  perform  better  than  five-layered  shields. 


INTRODUCTION 

In  order  to  reduce  the  vulnerability  of  stored 
ammunition,  shielding  between  rounds  has  been 
used  to  prevent  initiation  of  detonation  in  a 
round  (the  acceptor)  when  one  of  its  neighbors 
(the  donor)  detonates.  The  shielding  serves  to 
prevent  direct  impact  of  the  donor  casing  or  its 
fragments  on  the  acceptor  as  well  as  to  process 
the  shock  wave  entering  the  acceptor,  thus 
reducing  the  initiation  stimulus.  The  latter 
mechanism  is  amenable  to  analysis  using  a 
hydrodynamic  computer  code  and  we  have 
already  simulated  round-to-round  detonation 
propagation,  with  and  without  shielding,  using 
the  2DE  code  (1,2).  Shielding  effectiveness  in 
reducing  shock  initiation  stimulus  levels  is  fur¬ 
ther  amenable  to  analysis  in  one  dimension. 


The  present  paper,  therefore,  concerns  our  one¬ 
dimensional  study  of  shielding  effectiveness  us¬ 
ing  the  STEALTH  code  (3). 

SIMULATION  DESCRIPTION 

The  problem  elements  are  the  donor,  the 
shield  and  the  acceptor.  The  acceptor,  in  the 
one-dimensional  simulation,  consists  of  a  steel 
layer  (cover  plate  or  acceptor  casing)  covering 
a  layer  "inert’’  TNT.  The  shield  configuration 
is  varied.  It  consists  of  a  single  layer  of  any  of 
various  materials  or  multiple  layers  of  two  dif¬ 
ferent  materials.  The  donor  is  represented  by 
a  layer  of  steel  (flyer  plate  or  donor  casing)  with 
an  initial  velocity  on  the  order  of  that  achieved 
by  the  casing  of  a  detonating  round.  The  flyer 
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and  cover  plate  thicknesses  are  always  equal. 
The  problem  geometiy  is  illustrated  in  Figure 
1.  The  “inert”  TNT  :s  described  by  Lee’s 
unreacted  JWL  equation  of  state  (4)  and  all 
other  materials  by  Wilken’s  LLNL  model  (3) 
with  304-steel  used  for  the  flyer  and  cover 
plates. 

CHARACTERIZATION  OF  THE  SHOCK 
INITIATION  STIMULUS 

The  simplest  characterization  of  shock  initia¬ 
tion  stimulus  levels  is  the  square  of  the  pressure 
integrated  with  respect  to  time  (J p2dt) 
evaluated  in  the  acceptor  explosive.  The  use  of 
this  integral  is  an  extension  of  the  critical 
energy  concept  which  is  applicable  to  singly 
shocked  explosives  in  planar  experiments.  We 
have,  in  general,  used  this  parameter  to  char¬ 
acterize  our  computed  results.  However,  the 
shields  often  alter  the  rise  time  of  a  single  com¬ 
pression  wave  or  produce  multiple  shock  load¬ 
ing  in  the  acceptor.  In  these  cases,  the  ramp 
wave  or  shock  waves  after  the  first  are  not 
presumed  to  contribute  as  significantly  as  a 
single  shock  to  the  initiation.  Thus,  integrating 
through  the  ramp  or  including  all  shocks  in  the 
fp'dt  calculation  produces  a  conservative 
estimate  of  the  stimulus  (i.e.  the  actual  condi¬ 
tions  are  even  more  predisposed  toward  preven¬ 
ting  acceptor  initiation).  It  is  also  instructive 
to  consider  in  detail  the  processing  of  the  shock 
wave  produced  by  the  shield. 

RESPONSE  OF  UNSHIELDED 
ACCEPTORS 

In  order  to  provide  baseline  data  from  which 
to  evaluate  the  stimulus  reduction  provided  by 
shielding,  we  ran  a  number  of  computations 
without  shielding.  This  type  of  loading  always 
produces  a  single  shock  in  the  acceptor  as  il¬ 
lustrated  in  Figure  2. 1  n  these  we  varied  the  cas¬ 
ing  thickness  and  impact  velocity  so  as  to  pro¬ 
duce  sets  of  results  for  constant  velocity,  con¬ 
stant  momentum  and  constant  energy  impact. 
Casing  thickness  was  varied  from  5  to  20mm 
with  appropriate  velocities.  The  results  m  e  sum¬ 
marized  in  Table  1  and  plotted  in  Figure  3.  Not 
surprisingly,  as  the  casing  thickness  is  in¬ 
creased  at  constant  velocity,  the  initiation 
stimulus  increases  rapidly.  For  constant  mo¬ 
mentum  impacts  the  stimulus  decreases  rapidly 


with  increasing  casing  thickness.  Constant 
energy  impacts  do  not  produce  a  constant  stim¬ 
ulus,  rather  the  initiation  stimulus  decreases 
slowly  with  increasing  casing  thickness.  The 
results  of  these  computations  suggest  a  correla¬ 
tion  with  W3/5V2,  as  illustrated  in  Figure  4. 


h-w-4- - h - ■+~wH 


FLYER  SHIELD  COVER  "INERT" 
PLATE  PLATE  EXPLOSIVE 

Fig.  1.  One-dimensional  shielding  configuration 


T1V8L  '**) 


Fig.  2.  Typical  acceptor  explosive  shock 
pressure  history  without  shielding 


RESULTS  WITH  SINGLE  LAYERED 
SHIELDS 

General.  Our  version  of  the  STEALTH  code  is 
accompanied  by  a  materials  library  providing 
standard  preprogrammed  material  models.  The 
vast  majority  of  these  are  for  metallic  elements 
and  alloys.  The  only  plastic  material  description 
available  is  for  Lucite.  Nonetheless,  we  made 
computations  with  10mm  thick  casings  and 
various  shield  thicknesses  for  each  available 
material.  Special  emphasis  was  given  to  Lucite, 
tungsten  and  steel.  The  impact  velocity  was 
held  at  1  km/s. 
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TABLE  1 

Initiation  Stimulus  with  Unshielded  Acceptors 


CONSTANT 

VELOCITY 

CONSTANT  MOMENTUM 

CONSTANT 

ENERGY 

CASING 

THICKNESS 

W 

(mm) 

VELOCITY 

V 

(km/s) 

/p2dt 

J  2 

(GPa  -ms) 

VELOCITY 

V 

(km/s) 

/p2dt 

J  2 

GPa  -ms) 

VELOCITY 

V 

(km/s) 

/p2dt 

(GPa2-ms) 

5.0 

1.00 

0.074 

_ 

1.41 

0.170 

7.5 

1.00 

0.112 

1.33 

0.222 

1.15 

0.157 

10.0 

1.00 

0.145 

1.00 

0.145 

1.00 

0.145 

12.5 

1.00 

0.171 

0.80 

0.100 

0.89 

0.129 

15.0 

1.00 

0.190 

0.67 

0.074 

0.82 

0.119 

17.5 

1.00 

0.208 

0.57 

0.054 

0.76 

0.108 

20.0 

1.00 

0.222 

0.50 

0.042 

0.71 

0.098 

WAIL  THICKNESS  (mm’ \/ „^) 

(mm) 

Fig.  3.  Variation  of  shock  initiation  stimulus  Sip.  4.  Correlation  of  shock  initiation  stimulus 

with  wall  thickness  in  the  absence  of  shielding  with  flyer  and  cover  plate  parameters 

Shock  Structure.  The  pressure  history  in  the  the  first  shock  is  clearly  defined  while  the  sec- 

acceptor  explosive  depends  on  the  casing  ond  shock  appears  intermingled  with  the  third, 

thickness,  the  shield  thickness  and  the  shock  This  pulse  is  about  12ps  in  duration  with  a  4.2 

impedance  of  the  shield.  When  the  impedance  GPa  (.042  Mbart  peak.  With  a  5mm  thick  shield, 

of  the  shield  is  lower  than  that  of  the  casing,  all  the  shocks  have  coalesced  into  a  lOps  pulse 

a  shock  wave  reverberates  between  the  donor  with  a  5.1  GPa  (.051  Mbar)  peak,  as  illustrated 

and  acceptor  casings,  delivering  repeated  in  Figure  5a.  Thus  the  effect  of  increasing  shield 

shocks  to  the  acceptor.  Our  lowest  impedance  thickness  is  to  increase  the  interval  between 

material  is  Lucite.  Figure  5  illustrates  this  ef-  shocks,  lengthen  the  pulse  duration  and  reduce 

feet  for  5, 15,  25  ond  35mm  thick  Lucite  shields.  the  peak  pressure.  The  temporal  spacing  be- 

Clear  separation  of  three  shocks  of  increasing  tween  the  shock  fronts  generated  at  the  shield, 

amplitude  may  be  observed  in  Figure  5c  for  a  acceptor  casing  interface  depends  on  shield 

25mm  thick  shield.  The  complete  pulse  is  about  thickness  since  two  shock  transits  across  the 

Ups  long  with  a  peak  pressure  of  35  GPa  (.035  shield  occur  between  the  generating  interac- 

Mbar).  For  the  15mm  thick  shield  of  Fig.  5b,  tions.  As  these  shocks  propagate  into  the 
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Fig.  5.  Acceptor  explosive  pressure  history  with  single-layered  Lucite  shields 
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lug.  6.  Acceptor  explosive  pressure  history  with  single-layered  tungsten  shields 


acceptor,  they  tend  to  coalesce  so  that,  if  the 
initial  temporal  spacing  is  small  enough,  the 
shocks  will  not  be  distinguishable  from  one 
another  when  they  arrive  at  the  acceptor  ex¬ 
plosive,  Because  of  this  coalescence,  shock 
breakup  was  only  observed  for  Lucite  and 
magnesium. 

When  the  impedance  of  the  shield  is  higher 
than  that  of  the  casing  a  single  shock  in  the  ac¬ 
ceptor  is  always  observed.  Our  highest  im¬ 
pedance  material  is  tungsten.  Figure  6  shows 
the  shocks  produced  with  5,  15,  25  and  35mm 
thick  tungsten  shields.  The  effect  of  increasing 
shield  thickness  is  to  slightly  increase  pulse 
duration  while  substantially  reducing  peak 
pressure. 


Initiation  Stimulus  Reduction.  The  effect  of 
shield  material  on  shock  initiation  stimulus 
reduction  as  measured  by  J p2dt  is  illustrated 
in  Figure  7.  This  is  a  plot  of  f  p2dt  versus  in¬ 
itial  acoustic  impedance  for  30mm  thick  shields. 
The  results  are  segregated  into  two  groups.  One 
group  includes  most  of  the  materials  whose  in¬ 
itial  acoustic  impedance  is  less  than  that  of  steel 
and  the  other  group  is  comprised  primarily  of 
materials  whose  initial  acoustic  impedance  is 
greater  than  that  of  steel.  Exceptions  are  that 
nickel  with  a  slightly  greater  initial  impedance 
than  steel  belongs  to  the  low  impedance  group 
and  lead  and  thorium  with  lower  impedance 
than  steel  appear  to  belong  to  the  higher  im¬ 
pedance  group  (although  the  latter  classification 
is  more  questionable).  As  impedance  increases 
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among  the  low  impedance  materials,  the  initia¬ 
tion  stimulus  approaches  that  associated  with 
steel  shields,  which  provide  the  lowest  level  of 
protection.  Materials  in  the  high  impedance 
group,  on  the  other  hand,  do  not  appear  to  pro¬ 
duce  stimulus  levels  approaching  that  of  steel, 
but  they  provide  greater  protection  than  all  but 
the  lowest  impedance  materials. 

The  effect  of  shield  thickness  is  illustrated  in 
Figure  8  which  is  a  plot  of  / p2dt  versus  shield 
thickness  for  Lucite,  steel  and  tungsten.  The 
results  show  that  steel  provides  the  least  pro¬ 
tection,  except  for  shields  less  than  about  6  mm 
thick  where  Lucite  is  worst,  and  tungsten  pro¬ 
vides  the  best  protection  except  for  shields  be¬ 
tween  about  27  and  50mm  thick  where  Lucite 
is  slightly  better.  Stimulus  reduction  increases 
with  shield  thickness  for  all  three  materials.  The 
increase  is  most  marked  for  Lucite,  which  also 
shows  a  leveling  off  for  shield  thicknesses 
greater  than  40  mm  at  which  point  little  addi¬ 
tional  protection  is  provided  with  increasing 
thickness. 


0  20  40  60  80  100 


Fig  7.  Variation  of  shock  initiation  stimulus 
with  initial  acoustic  impedance  for  30mm  thick 
shields 


0  10  20  30  40  SO 


SHIELD  THICKNESS 
(mm) 

Fig.  8.  Variation  of  shock  initiation  stimulus 
with  shield  thickness  for  Lucite,  tungsten  and 
304-steel  shields 

RESULTS  WITH  MULTILAYERED 
SHIELDS 

General.  Shields  with  multiple  layers  provide 
additional  impedance  discontinuities  which  can 
further  reduce  the  shock  initiation  stimulus.  We 
have  examined  the  effectiveness  of  three-  and 
five-layered  shields  composed  of  alternate  layers 
of  our  lowest  and  highest  impedance  materials, 
Lucite  and  tungsten,  and  of  alternate  layers  of 
Lucite  and  steel  as  well.  The  order  of  the  ma¬ 
terials  and  the  relative  thickness  of  the  layers 
was  varied  but,  except  in  the  study  of  shield 
thickness,  all  of  the  shields  were  30mm  thick. 
Symmetry  was  always  maintained.  The  impact 
velocity  was  held  at  1  km/s. 

When  the  total  shield  thickness  is  fixed,  three¬ 
layered  shields  may  be  completely  specified  by 
the  Lucite  thickness  fraction  (i.e.  the  total 
thickness  of  all  Lucite  layers  divided  by  the 
shield  thickness,  h).  With  five-layered  shields, 
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an  additional  degree  of  freedom  arises  since  the 
thickness  of  the  innermost  layer  need  not  equal 
the  thickness  of  the  two  outer  layers  of  the  same 
material.  This  degree  of  freedom  is  accounted 
for  by  the  parameter  z=hj/(h— h0)  where  hj  is 
the  thickness  of  the  central  layer  and  h0  the 
thickness  of  the  outer  layers.  When  z=0,  the 
shield  is  reduced  to  three  layers;  and  when 
z=h;/h,  the  shield  also  has  three  layers  but  with 
the  material  order  reversed. 

SHOCK  STRUCTURE.  Three-layered  shields 
composed  of  Lucite  and  tungsten  may  have 
either  component  in  the  inner  layer.  Figure  9  il¬ 
lustrates  the  pressure  history  in  the  acceptor 
for  shields  consisting  of  an  inner  layer  of  Lucite 
surrounded  by  layers  of  tungsten.  When  the 
shield  is  composed  mostly  of  tungsten,  as  in 
Figure  9a,  a  single  shock  enters  the  acceptor. 
Figure  9b  shows  results  for  a  shield  with  a  lit¬ 
tle  more  Lucite.  Some  structure  at  the  tail  of 
the  wave  may  be  noted  but  this  is  still  primari¬ 
ly  a  single  shock.  With  a  still  higher  Lucite  frac¬ 
tion,  the  shock  structure  is  altered  radically  and 
multiple  shock  loading  is  observed  as  shown  in 
Figures  9c  through  9e.  The  transition  to  multi¬ 
ple  shocks  occurs  somewhere  between  17  and 
33  percent  Lucite  and  minimum  pressure  levels 
occur  at  about  33  percent  Lucite. 

When  tungsten  is  the  inner  component  of  the 
shield,  the  results  are  somewhat  different  as  il¬ 
lustrated  in  Figure  10.  In  this  case  a  single  pulse 
is  usually  produced  but  the  peak  pressure  and 
rise  time  of  the  compression  depend  upon  the 
Lucite  thickness  fraction  as  indicated  in  Table 
2.  This  shows  the  pressurization  rate  to  be 
minimum  at  about  50  percent  Lucite.  Multiple 
shock  structure  does  not  appear  until  the  shield 
is  nearly  ail  Lucite  as  shown  in  Figure  lOd. 

The  shock  structure  observed  with  steel/ 
Lucite  shi  ids  is  essentially  the  same  as  that  for 
the  tungsten/Lucite  shields  with  somewhat 
higher  pressure  levels.  Therefore,  pressure 
history  plots  are  not  reproduced  here.  The  ef¬ 
fect  on  compression  wave  characteristics  for 
Lucite/steei/Lucite  shields  is  summarized  in 
Table  3.  The  pressurization  rate  is  again 
minimized  for  about  50  percent  Lucite. 

Increasing  shield  thickness  has  considerable 
effect  on  shock  breakup.  This  is  illustrated  in 
Figure  1 1  for  15,  25,  35,  and  45mm  thick  three- 
iayered  shields  having  tungsten  as  the  outer 
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PRESSURE  (*>»r) 


a.  16.7%  Lucite  b.  33.3%  Lucite  c.  66.7%  Lucite  d.  91.7%  Lucite 

Fig.  10.  Acceptor  explosive  pressure  history  with  30mm  thick  th~ee-layered 
Lucit i/tungsterJLucite  shield 


TABLK  2 

Compression  Wave  Characteristics  for  Lucite/Tungsten/Lucite  Shields 


Shield 

Configuration 

(mm/mm/mm) 

Lucite 

Fraction 

Peak 

Pressure 

(GPa) 

Rise 

Time 

("S) 

Pressur i zat ion 
Rate 
(GPa/^s) 

1.25/27.5/1.25 

.083 

3.95 

1.6 

2.47 

2.5/25.0/2.5 

.167 

3.28 

3.5 

0.94 

5. 0/20.0/5.0 

.  333 

2.57 

4.1 

0.42 

7.5/15.0/7.5 

.  500 

2.40 

10.0 

0.24 

10.0/10.0/10.0 

.667 

3.06 

11.0 

0.28 

2.5/  5.0/12.5 

.8  33 

3.81 

9.5 

0.40 

13.75/  2.5/13.75 

.917 

3.89 

5.0 

0.78 

tabu:  3 

Compression  liai'p  Characteristics  for  Lucite’SteeL Lucite  Shields 


Shi  Id 

Conf  iguration 
(mm/mm/mm) 

Luc l te 
Fract l on 

Peak 

Pressure 

(GPa) 

Rise 

Time 

(«s) 

Pressur i zat ion 
Rate 
(CFa/ns) 

1.25/27.5/1.25 

.  08  3 

5.  18 

1.4 

3.73 

2.5/25.0/2.5 

.167 

4.61 

2.1 

2.23 

6.0/20.0/5.0 

.333 

3.6? 

5.9 

0.61 

6.3/17.4/5.3 

.4  70 

3.62 

7.0 

0.52 

t.  5/15.  0/7. 5 

.500 

3.92 

8.4 

0.47 

10. 0/10. 0/10. 

.667 

4.10 

6.2 

0.67 

12.5/  5.0/17.5 

.833 

3.93 

5.8 

0.67 

13.75/  7.5/13.75 

.917 

3.43 

5.0 

0.49 
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a.  15mm  Thick  b.  25mm  Thick  c.  35mm  Thick  cL  45mm  Thick 

Fig.  11.  Acceptor  explosive  pressure  history  with  50%  Lucite  three-layered. 
tungsten/Lucite/tungsten  shields 


component.  Thin  shields  produce  no  breakup, 
presumably  because  the  close  spacing  between 
impedance  discontinuities  produces  closer  tem¬ 
poral  spacing  between  shocks  leading  to  rapid 
coalescence.  Figure  11a,  for  a  15mm  thick 
shield,  seems  to  show  shocks  which  have  just 
coalesced  resulting  in  a  compression  wave  with 
a  higher  rise  time.  On  the  other  hand,  Figure 
lid,  for  a  45mm  thick  shield,  shows  the  most 
shock  breakup  and  peak  pressure  reduction  we 
have  seen  in  any  of  our  computations. 

Five-layered  shields  produced  considerably 
less  shock  breakup  than  three-layered  shields 
of  the  same  thickness,  both  having  tungsten  as 
the  outer  component.  This  can  be  seen  by  com¬ 
paring  Figure  9d,  for  a  50  percent  Lucite  three¬ 
layered  shield,  with  Figure  1 2,  for  a  50  percent 
Lucite  five-layered  shield.  Again  this  presum¬ 
ably  occurs  because  of  the  closer  spacing  be¬ 
tween  impedance  discontinuities.  This  five¬ 
layered  shield  does  produce  a  rise  time  of  6  to 
7  ms. 

Initiation  Stimulus  Reduction.  Consideration  of 
stimulus  levels  as  characterized  by  J"p2dt 
allows  a  comparison  of  the  effectiveness  of  these 
shields.  Figure  13  is  a  plot  of  the  relative 
stimulus  level  (  j  p2dt  normalized  with  respect 
to  the  value  for  the  unshielded  case)  versus 
Lucite  ,;ckness  fraction  for  tungsten/ Lucite- 
tungs^n  and  Lucite/tungsten/Lucite  shields. 
Also  included  are  scales  of  Lucite  weight  frac¬ 
tion  and  areal  densny.  This  comparison  also 
shows  that  considerably  better  shield  perfor¬ 


mance  is  obtained  when  tungsten  is  the  outer 
component  of  the  “sandwich.”  In  fact,  the  per¬ 
formance  of  Lucite/tungsten/Lucite  shields  is  in¬ 
ferior  to  that  of  either  pure  tungsten  or  pure 
Lucite  except  for  a  range  of  Lucite  thickness 
fraction  values  between  about  0.2  and  0.6 
wherein  performance  is  only  a  little  better.  It 
should  be  noted  that  this  comparison  is  based 
on  f  p2dt  and  does  not  take  into  account  the 
differences  between  the  ramp  compressions  pro¬ 
duced  when  Lucite  is  the  outer  component  and 
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Fig.  12.  Acceptor  explosive  pressure  history 
with  a  30mm  thick  50 %  Lucite  five-layerea 
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shiehi 
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Fig.  13.  Relative  stimulus  levels  for  30mm 
thick  three-layered  tungsten/Lucite  shields 
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Fig  1-1  Rf  la: we  stimulus  levels  for  30mm 
thick,  tkn  e  laxered  steel  Lucite  shields 


the  shock  breakup  and  lower  peak  pressure  pro¬ 
duced  when  tungsten  is  the  outer  component. 
Indeed,  the  response  of  explosives  to  these  com¬ 
plex  waveforms  is  not  well  understood  and  ex¬ 
perimental  verification  is  required  to  determine 
which  shield  configuration  is  superior.  However, 
it  should  be  remarked  that  the  predicted  advan¬ 
tage  of  shields  with  tungsten  on  the  outside  is 
substantial. 

Similar  observations  may  be  made  for  three¬ 
layered  steel/Lucite  shields  as  shown  in  Figure 
14.  The  performance  of  tungsten/Lucite/ tung¬ 
sten  shields  is  compared  with  that  of  steel/ 
Lucite/steel  shields  in  Figure  15.  This  shows 
that  shields  incorporating  tungsten  reduce  the 
initiation  stimulus  to  levels  well  below  those 
produced  by  shields  incorporating  steel. 
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Fig.  15.  Comparison  of  relative  stimulus  levels 
for  30m n  thick,  three-layered  tungsten/Lucite 
and  steel/Lucite  shields 

Shield  thickness  was  varied  in  two  different 
ways.  Shields  were  varied  from  10  to  50  mm  in 
thickness  with  a  constant  50  percent  Lucite 
fraction  in  one  case  and  from  20  to  50  mm  with 
a  constant  7.5mm  outer  tungsten  layer 
thickness  in  the  other.  The  results  are  plotted 
versus  shield  thickness  in  Figure  16.  This  shows 
little  difference  between  the  t  wo  types  of  varia¬ 
tion  and  indicates  a  rapid  decline  in  protection 
for  shields  less  than  about  30mm  thick. 

Results  with  five-layered  shields  were  similar 
to  those  for  three-layered  shields  but  not  as 
much  protection  was  provided  We  first  con¬ 
sidered  shields  with  inner  and  outer  layers  of 
equal  thickness  (h,=h0).  Figure  17  shows  the 
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Fig  16.  Effect  of  shield  thickness  on  relative 
stimulus  level  for  three-layered  tungsten/Lucite 1 
tungsten  shields 
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Fig  17  Relatii  e  stimulus  levels  for  30mm 
thick,  five-layered  tungsten Invite  shields 


comparison  between  shields  with  tungsten  on 
the  outside  and  shields  with  Lucite  on  the  out¬ 
side.  Again,  the  former  perform  better  but  on¬ 
ly  slightly  better  than  single-layered  shields. 
Figure  18  shows  the  comparison  between  the 
best  three-layered  shields  and  the  five-layered 
shields.  The  three-layered  shields  are  substan¬ 
tially  better.  The  performance  of  the  five¬ 
layered  shields  with  tungsten  as  the  outer  com¬ 
ponent  is  not  strongly  dependent  on  Lucite  frac¬ 
tion.  It  is  of  interest  to  determine  whether 
shields  with  unequal  inner  and  outer  layer 
thicknesses  perform  any  better.  We  noted 
previously  that  the  parameter  z  could  be  used 
as  a  measure  of  the  relationship  between  these 
layers  and  that  z=0  and  z=h,/h  correspond  to 
three-layered  shields.  We  fixed  the  Lucite 
thickness  fraction  at  0.38  and  varied  z  between 
these  limits.  The  results,  shown  in  Figure  19, 
indicate  a  nonmonotonic  variation  between  the 
two  three-layered  cases.  The  three-layered 
shield  with  tungsten  on  the  outside  still  shows 
the  best  performance. 


Fig  18.  Comparison  of  relative  stimulus  levels 
for  30mm  thick,  three-layered  and  five-layered, 
tungsten  Lucite  shied!-: 


t 


w/tuc/w  Z  tuc/w/iuc 

Fig.  19.  Effect  of  shield  configuration  on 
relative  stimulus  level  for  33.3%  Lucite,  three¬ 
layered  and  five-layered  shields 


SUMMARY 

We  have  conducted  a  study  of  the  role  of 
shielding  in  reducing  the  shock  initiation 
stimulus  for  a  simple  one-dimensional  represen¬ 
tation  of  the  problem  of  sympathetic  detonation 
of  munitions.  We  found  that  single-layered 
shields  made  of  materials  with  low  acoustic  im¬ 
pedance  generally  produce  a  complex  shock 
wave  structure  in  the  acceptor.  This  complex 
structure  is  associated  with  a  low  level  of  initia¬ 
tion  stimulus  because  of  the  breakup  into 
several  weaker  shocks  and  the  reduction  of 
/p2dt.  High  impedance  shield  materials  also 
substantially  reduce  the  initiation  stimulus,  but 
without  the  accompanying  shock  breakup  ef¬ 
fect.  Increasing  shield  thickness  improves  per¬ 
formance  and  can  change  the  order  of  effec¬ 
tiveness  of  shield  materials.  With  multilayered 
shields  composed  of  a  high-impedance  and  a 
low-impedance  materia!  we  observed  shock 
structures  depending  strongly  on  the  ordering 
of  the  materials  in  the  shield.  Multiple  shock 
structure  was  usually  observed  when  the  high 
impedance  material  was  the  outer  component 
of  the  shield  and  sufficient  low  impedance 
material  was  present.  Single  compression  waves 
with  variable  peak  pressures  and  rise  times  were 
usually  observed  when  the  low-impedance  ma¬ 
terial  was  the  outer  component  of  the  shield. 
Substantial  benefits  in  terms  of  shock  breakup 
and  fp-dt  reduction  can  be  obtained  by  in¬ 
creasing  the  thickness  of  three-layered  shields, 
which  were  found  to  perform  belter  than  five¬ 
layered  shields 
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ON  THE  ROLE  OF  SHOCK  AND  SHEAR  MECHANISM  TN  THE 
INITIATION  OF  DETONATION  BY  FRAGMENT  IMPACT 
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The  collection  of  experimental  data  on  the  impact  response  of  ex¬ 
plosives  indicates  that  at  least  two  mechanisms  are  involved.  Much 
of  the  data  are  interpretable  in  terms  of  a  classical  shock  initiation 
mechanism.  Thus,  the  dependence  of  the  initiation  threshold  velocity 
upon  contact  area  of  the  impactor  and  independence  of  the  threshold 
velocity  upon  length,  to  diameter  ratios  in  excess  of  0.25,  are  entire¬ 
ly  consistent  with  classical  shock  initiation  models  which  emphasize 
the  importance  of  peak  pressure  and  shock  duration 

Other  data  are  quite  clearly  inconsistent  with  a  classical  shock  in¬ 
itiation  mechanism,  but  are  consistent  with  a  macroscopic  shear 
mechanism.  TNT  was  found  to  show  evidence  of  an  initiation 
mechanism  controlled  by  macroscopic  shear.  Very  weak  evidence  was 
found  to  support  a  macroscopic  shear  mechanism  for  Composition 
B.  Evidence  in  the  literature  was  found  to  support  a  shea’-  controlled 
mechanism  for  porous  tetryl. 


INTRODUCTION 

Slade  and  Dewey  ( 1 )  conducted  firings  of  right 
circular  cylinders  against  tetryl  and  Composi¬ 
tion  B  targets,  with  and  without  cover  plates. 
They  found  that  the  velocity  of  50  percent  in¬ 
itiation  was  a  function  of  the  contact  area,  but 
not  of  the  projectile  mass  nor  of  the  form  of  the 
projectile  behind  the  impacting  surface.  The 
targets  were  unconfined,  except  for  the  cover 
plates  and  were  right  circular  cylinders  of  3.8 
cm  or  5  cm  diameters,  and  lengths  of  2.54  cms. 
Detonation,  if  it  occurred,  was  observed  to  oc¬ 
cur  within  5  microseconds  after  impact.  The 
threshold  velocity  was  reported  to  increase  in 
a  neatly  linear  fashion  with  increasing  cover 
plate  thicKness.  The  dependence  of  the 
threshold  velocity  upon  contact  area,  the  lack 
of  dependence  upon  piojectile  length  lor  mass), 
the  effect  of  cover  plate  thickness,  and  the  short 
times  to  detonation  are  all  consistent  with  a 
classical  shock  initiation  mechanism.  Under 
conditions  of  classical  shock  initiation,  the 
detonation  threshold  is  a  function  of  the  peak 


pressure  delivered  to  the  explosive  and  the  dura¬ 
tion  of  the  shock  wave.  The  peak  pressure  is 
determined  by  the  impact  velocity  and  the 
material  properties  (principally  the  density)  of 
the  impactor  and  target.  The  duration  of  the 
shock  wave  is  determined  by  rarefaction  waves 
originating  at  free  surfaces. 

An  analysis  of  the  shock  wave  interactions 
resulting  from  projectile  impacts  on  cased 
charges  was  reported  by  Frey,  et  al.  (2).  They 
assumed  that  the  duration  of  the  shock  pressure 
in  the  explosive  is  controlled  by  rarefactions 
originating  at  the  periphery  of  the  projectile. 
For  projectiles  with  length  to  diameter  (t.'d) 
ratios  in  excess  of  0.25,  this  is  certainly  true, 
and  leads  to  the  conclusion  that,  if  a  shock  in¬ 
itiation  mechanism  is  operant,  the  threshold 
velocity  for  detonation  should  be  independent 
of  projectile  length,  for  i/d  0.25.  In  addition, 
Frey's  analysis  indicates  that  the  dependence 
of  the  threshold  velocity  upon  cover  plate 
thickness  shall  become  very  strong,  once  a 
thickness  is  reached  such  that  the  rarefaction 


waves  can  interact  with  the  shock  front  prior 
to  the  shock  front  entering  the  explosive  (3).  Un¬ 
til  the  rarefaction  reaches  the  shock  front,  it  will 
influence  the  duration  of  the  shock,  but  not  the 
peak  pressure.  Once  the  rarefaction  reaches  the 
shock  front,  the  peak  pressure  will  decay  rapid¬ 
ly.  At  this  point,  the  impact  velocity  required 
for  initiation  will  increase  rapidly  with  further 
increases  in  case  thickness.  Shown  in  Fig.  1  are 
Slade  and  Dewey’s  results  for  Composition  B 
and  tetryl.  The  data  for  Composition  B  are  not 
extensive  and  do  not  show  an  effect.  However, 
the  data  for  tetryl,  which  extend  to  thicker 
cover  plates,  clearly  show  a  break  in  the  curve. 
This  provides  additional  support  for  a  shock  in¬ 
itiation  mechanism. 


Fig  1  Threshold  data  for  detonation  of  composi¬ 
tion  B  and  tetryl  targets  subjected  to  fragment 
impact,  as  function  of  cover  plate  thickness 
(Slade  and  Dewey) 

Brown  and  Whitbread  (4)  reported  a  study  on 
the  initiation  of  bare  charges  by  projectile  im¬ 
pact.  As  part  of  this  study,  they  compared  the 
threshold  velocities  for  initiation  by  impact  of 
a  1.27  cm  diameter  steel  projectile  with  the 
threshold  brass  shim  thickness  for  which  initia¬ 
tion  occurred  as  a  result  of  detonation  of  a  1 .27 
tm  diameter  don"’-  charge  (explosive  type  not 
mentioned)  in  contact  with  the  shims.  Results 
were  reported  for  nine  explosives,  and  are 
shown  in  Fig.  2.  The  data  fail  or.  a  single 
straight  line,  which  is  to  be  expected,  if  the 


mechanism  of  initiation  is  the  same  for  the  two 
experiments. 


Fig.  2.  Correlation  of  gap  test  data  and  frag¬ 
ment  impact  data  (Explosive  donors  and 
fragments  were  both  1.27  cm  diameter  (Brown 
and  Whitbread.) 

In  conducting  their  tests,  Brown  and  Whit¬ 
bread  used  thin  aluminum  flags,  placed  some 
distance  away  from  the  targets,  to  measure  ex¬ 
plosive  response.  The  distance  was  chosen  such 
that  a  full  detonation  bent  the  flag  a  total  of 
150°.  and  a  bend  of  10°  or  more  was  taken  as 
a  positive  event.  In  each  experiment,  the  impact 
velocity  was  varied  in  a  step  wise  manner  to 
determine  the  50  percent  threshold  for  a 
positive  event.  Thus,  their  observational  pro¬ 
cedure  was  not  deliberately  designed  to  focus 
upon  detonations,  to  the  exclusion  of  less 
violent  reactions.  However,  in  the  absence  of 
confinement,  reactions  which  do  not  occur  fast 
enough  to  support  the  impact  shock  have  little 
opportunity  to  develop  before  rarefactions 
destroy  the  charge.  Thus,  the  velocity  incre¬ 
ment  separating  no  reactions  from  detonations 
is  likely  to  be  very  small. 

Brown  and  Whitbread  varied  both  material 
and  projectile  length  in  projectile  impact  firings. 
Short  projectiles  were  backed  by  Tufnol 
cylinders  to  provide  flight  stability.  Results 
were  obtained  for  RDX/PWX  83/17  and 
tetryl/TNT  9/91.  For  long  projectile  lengths,  the 
thieshold  velocity  for  initiation  becomes  in¬ 
dependent  of  length.  Estimates  were  made  of 
the  projectile  lengths  at  which  the  threshold 
velocities  began  to  change  drastically.  Pulse 
durations  for  initiation,  calculated  by  dividing 
twice  the  projectile  length  by  the  shock  velocity, 
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were  found  to  be  essentially  independent  of  pro¬ 
jectile  material.  Using  the  minimum  threshold 
velocities  for  each  projectile  material,  associated 
with  the  long  projectile  asymptotes,  critical 
pressures  for  initiation  were  compared,  and  it 
was  noted  that  the  Hugoniot  curves  all  intersect 
at  a  common  point  (see  Fig.  3).  It  is  thus  rea¬ 
sonable  to  assume  that  a  critical  pressure  for 
initiation  exists,  in  the  limit  of  long  duration 
pulses.  These  results  provide  strong  evidence 
in  support  of  a  classical  shock  initiation 
mechanism. 


Fig.  3.  Reflected  Hugoniot  curves,  for  various 
impactors,  centered  on  the  threshold  velocity  for 
each  material  type  (The  single  point  of  interac¬ 
tion  implies  a  single  pressure  generated  in  the 
explosive.) 

Frey,  et  al.,  have  shown  that  explosions  in 
confined  charges  can  result  from  impact  in  the 
mass  velocity  domain  where  classical  shock  in¬ 
itiation  cannot  be  operant  (2).  However,  these 
explosions,  although  violent,  were  clearly  not 
detonations.  Reeves  has  reported  data  for  fir¬ 
ings  of  right  circular  cylinders  against  heavily 
confined  (steel  wall  thickness  1.03  cm)  cylin¬ 
drical  Composition  B  targets  (5).  Howe  has  ex¬ 
tended  the  database  and  the  combined  data 
span  a  variation  in  fragment  mass  from  2  to  300 
g  (6).  These  data  showed  that  the  ignition 
threshold  for  violent  reaction  is  essentially  coin¬ 
cident  with  the  ballistic  limit  of  the  target  cas¬ 
ing  (i.e.,  the  impact  velocity  at  which  the  cas¬ 
ing  is  breached).  Shock  initiation  was  eliminated 
as  a  possible  mechanism  by  (a)  demonstrating 
that  the  ignition  threshold  was  lowered  when 
the  ballistic  limit  was  lowered  by  introducing 
a  plug  in  the  case  and  (b)  by  demonstrating  that 
the  ignition  threshold  (and  the  ballistic  limit) 
was  lower  for  i/d  =  5  rods  than  for  c/d  ~-  1 


cylinders.  Additional  experiments  reported  in 
Reference  5  indicated  that  heat  transfer  from 
casing  plug  or  from  the  fragment  was  unlikely, 
and  the  ignition  mechanism  was  identified  as 
resulting  from  shear  deformation  in  the  ex¬ 
plosive,  resulting  from  the  penetration  process. 
There  is  thus  considerable  evidence  that  the  ig¬ 
nition  mechanism  involves  a  shear  heating  pro¬ 
cess  in  the  explosive,  subsequent  to,  and  a  result 
of,  casing  performation  by  the  attacking  frag¬ 
ment.  Since  shear  has  been  shown  to  play  a 
strong  role  in  the  ignition  process,  and  the 
mechanics  of  casing  perforation  apparently 


Fig.  4a.  Threshold  data  for  ignition  and  detona¬ 
tion  of  heavily  confined  Composition  B  targets 


Fig.  4b.  Scaled  detonation  threshold  data , 
showing  consistency  with  ballistic  limit  data 
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control  the  ignition  threshold,  the  question 
arises  as  to  whether  or  not  a  shear  mechanism 
is  also  involved  in  the  detonation  threshold  for 
impacts  against  heavily  confined  charges.  The 
query  also  arises  from  comparison  of  the  deto¬ 
nation  threshold  and  ignition  threshold  data  for 
heavily  confined  Composition  B  (Fig.  4a)  where 
it  appears  that  the  detonation  threshold  data 
lie  parallel  to  the  ignition  threshold  data.  The 
data  can  be  fit  by  the  relation  m‘/3V  =c,  where 
c  is  a  constant.  Scaled  data  are  shown  in  Fig.  4b. 

THE  ROLE  OF  SHEAR  IN  CAUSING 
DETONATION 

A  quasi-steady  state  model  of the  heating  pro¬ 
duced  in  a  shear  band  or  at  a  sliding  interface 
was  developed  by  Frey  (7).  The  model  includes 
heat  transfer,  plastic  work,  the  heat  of  fusion 
of  the  explosive,  and  a  viscosity  law  which 
depends  upon  temperature  and  pressure.  For 
details  of  the  calculation  and  detailed  results, 
the  reader  is  referred  to  the  original  paper.  Of 
especial  interest,  however,  is  the  shape  of  the 
ignition  curve  (Fig.  5)  which  shows  that,  for  high 
sliding  velocities,  the  ignition  curve  tends  to 
become  independent  of  pressure. 


Fig.  5.  Calculated  ignition  threshold  data  for 
TNT,  skou  mg  influence  of  sliding  velocity  and 
pressure  lafter  Frey ) 

To  apply  this  model  to  initiation  of  detona¬ 
tion  by  fragment  impact,  we  must  not  only  have 
a  description  of  the  flow  field,  but  also  the 
distribution  -J  shear  bands  within  the  flow  field. 
No  data  with  respect  to  the  latter  exist,  so  an 
alternate  approach  was  taken:  The  impact  con¬ 
ditions  which  cause  detonation  were  examined 
to  determine  variations  in  the  flow  field,  with 
the  idea  that  fixing  the  flow  field  would  fix 


Fig.  6.  Hypervelocity  impact  data,  showing 
energy  scaling  of  crater  volume  (after  Sorensen) 


Fig.  7.  Crater  growth  rate  data .  showing  seal - 
ing  of  crater  growth  (after  Kineke  and  Vital) 

all  velocities  and  velocity  gradients  and,  in  par¬ 
ticular,  would  fix  local  shear  velocities.  Thus, 
if  the  flow’  field  remains  unchanged  with  varia¬ 
tions  in  impact  conditions  along  the  detonation 
threshold,  strong  support  for  a  shear  dominated 
mechanism  is  obtained. 

No  direct  data  exist  describing  variations  in 
the  flow  field  for  explosives  subjected  to  frag¬ 
ment  impact.  However,  considerable  data  exist 
for  metal-metal  impacts.  In  particular,  data  ex¬ 
ist  (8)  which  show  that  crater  volume  varies 
with  impact  energy  (Fig.  6).  Additionally, 
Kineke  and  Vitali  (9)  showed  that  crater  growth 
rates  also  scale  with  impact  energy  (see  Fig.  7). 
Thus,  for  metal-metal  impacts  in  the  hyperve¬ 
locity  regime,  both  crater  size  and  growth  rates 


Fig.  8.  Comparison  of  residual  velocity  equa¬ 
tion  with  data  of  Ricchiazzi 

(and  lienee,  the  velocity  field)  are  determined  by 
the  impact  energy.  The  assumption  will  be  made 
that  the  same  holds  true  for  impacts  on  confined 
explosives;  the  flow  field  is  determined  by  crater 
dimensions  and  growth  rate,  and  these  scale  as 
the  residual  kinetic  energy  of  fragment  and  plug 
after  case  perforation.  The  assumption  is  also 
made  that  geometric  similarity  of  impactors 
preserves  similarity  of  craters. 

The  initial  residual  energy  can  be  estimated 
by  performing  an  energy  balance  on  the  system. 
For  a  fragment  of  mass  M0  impacting  a  casing 
of  thickness  h  and  have  a  velocity  Vg,  we  have 

Vs*  =  M„  V,.*  ,  M0+M„>  V„*  (II 

2  2  12' 

where  V,  is  the  velocity  required  to  fail  the  case 
(the  ballistic  limit  velocity),  is  the  residual 
velocity,  and  Mp  is  the  plug  mass.  Equation  (1) 
can  be  arranged  to  give 


where  f  is  the  length  of  the  impacting  fragment 
(right  circular  cylindrical  geometry  is  assumed), 
h  is  the  thickness  of  the  target  casing,  and  a  is 
the  ratio  of  plug  and  impactor  diameters.  This 
approximate  equation  for  the  residual  velocity 
is  shown  with  data  provided  by  A.  Ricchiazzi 
in  Fig.  8  (10). 

Equation  (2)  was  combined  with  the  assump¬ 
tion  of  no  mass  loss  to  calculate  the  initial 


residual  energies  for  impacts  at  the  detonation 
threshold  for  300  g  right  circular  cylindrical 
fragments  against  confined  Composition  B  and 
Composition  A-3  targets.  The  results  are  shown 
in  Table  1,  where  it  is  seen  that  the  residual 
energy,  E,  at  the  detonation  threshold  does  not 
remain  constant  as  the  case  thickness  varied. 

If  the  assumption  is  made  that  the  residual 
mass  for  various  case  thicknesses  is  the  same, 
then  the  calculated  residual  energies  are  con¬ 
stant  along  the  detonation  threshold.  There  is 
no  a  priori  reason  for  assuming  that  the  residual 
case  thickness  remains  the  same  at  the  detona¬ 
tion  threshold  as  case  thickness  is  varied.  Data 
on  plug  thickness  versus  impact  velocity  for 
various  plate  thicknesses  were  obtained  from  A. 
Ricchiazzi  (10).  These  data  were  replotted  in  the 
plug  thickness  —  residual  velocity  plane  and  are 
shown  in  Fig.  9.  Note  that,  for  fixed  residual 
velocity,  plug  thickness  is  fixed,  independent  of 
target  thickness,  over  the  range  of  thicknesses 
and  velocities  for  which  data  are  available.  Ap¬ 
parently,  the  competition  between  cratering  and 
plugging  phenomena  lead  to  this  unusual  result. 
At  any  rate  the  plug  thickness  is  a  strong  func¬ 
tion  only  of  the  residual  velocity  and,  for  fixed 
residual  velocity,  is  independent  of  initial  plate 
thickness.  Thus,  total  mass  is  independent  of 
plate  thickness,  and  a  fixed  residual  velocity  will 
yield  a  fixed  residual  energy.  Note  constancy  of 
residual  velocities  and  residual  energies  E '  in 
Table  1.  The  data  for  detonation  thresholds  for 
impacts  against  targets  with  various  case 
thicknesses  are  therefore  consistent  with  a 
shear  mechanism. 


Fig.  9  Data  of  Ricchiazzi,  showing  that  plug 
thickness  is  constant,  for  constant  residual 
velocity,  independent  of  initial  target  thickness 
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TABLE  1 

Impacts  by  300  g  /d=l  Steel  Cylinders 


Explosive 

(cm) 

h(cm) 

h  ;(cm) 

Vg(M/s) 

VL(m/s) 

VR(m/s) 

E(KCal) 

E'(KCal) 

— 

3.66 

0.35 

0.26 

525 

150 

472 

9.07 

8.79 

3.66 

0.26 

703 

457 

450 

10.20 

7.99 

A-3 

3.66 

1.85 

0.26 

816 

480 

507 

15.75 

10.14 

B 

3.66 

457 

389 

7.63 

■ 

B 

3.66 

760 

575 

391 

8.84 

HEtlH 

E  calculated  residual  energy  assuming  no  mass  loss. 
E '  calculated  residual  energy  assuming  mass  loss. 


TABLE  2 

Impacts  Against  Composition  B  with  1.06  cm  Steel  Confinement 


m(g) 

(cm) 

h  '(cm) 

Vs(m Jo) 

VL(m/s) 

VR(m/s) 

E(KCal) 

E'  (KCal) 

300 

3.66 

0.39 

637 

457 

386 

7.06 

75 

2.30 

1014 

608 

671 

5.90 

■ 

30 

1.70 

0.15 

1600 

874 

1052 

6.44 

Data  for  constant  case  thickness  and  various 
fragment  masses  were  presented  in  Fig.  4.  Us¬ 
ing  the  same  assumptions  as  above,  we 
calculate  the  residual  energies  to  be  as  shown 
in  Table  2,  where  the  expression  for  the  residual 
energy  is  given  by 

E'  =  7.32  X  10~7  t2  (i  +  1.4h')  VR2  (3) 


impact  velocity  required  to  deliver  a  fixed 
residual  velocity  (or  residual  energy).  The 
threshold  velocity  for  shear  controlled  detona¬ 
tions  should  thus  decrease  with  increasing 
length  of  impactors.  This  provides  the  oppor¬ 
tunity  for  a  set  of  critical  experiments  to 
discriminate  between  shock  shear  mechanisms 
in  initiation  of  detonation. 


for  the  energy  in  KCal. 

As  can  be  seen  the  energy  is  essentially  con¬ 
stant  for  the  three  data  points  available.  Shown 
also  in  Table  2  are  energies  (E)  calculated  using 
the  assumption  that  residual  case  thickness 
equals  initial  case  thickness.  In  this  instance, 
the  calculations  are  relatively  insensitive  to 
these  assumptions,  as  one  might  surmise  from 
examination  of  equation  (3). 

It  was  noted  earlier  that,  if  classical  shock  in¬ 
itiation  is  controlling,  the  detonation  threshold 
velocities  will  be  independent  of  length,  once  an 
t'd  ratio  of  0.25  or  greater  is  attained.  This 
would  not  be  expected  to  be  the  case  for  a  shear 
controlled  mechanism.  For  conditions  of  con¬ 
stant  impact  area,  increased  fragment  length 
decreases  the  ballistic  limit,  and  decreases  the 


Firings  with  300  g  i/d  =  4  right  circular  pro¬ 
jectiles  and  75  g,  i/d  =  1  right  circular  cylin¬ 
drical  projectiles  were  conducted  against  TNT 
filled  targets  with  1.06  cm  thick  steel  casing. 
The  impactor  dimensions  and  masses  were 
chosen  to  provide  a  variation  in  i/d  at  fixed  im¬ 
pact  area.  If  a  classical  shock  initiation 
mechanism  is  operant,  there  should  be  no 
change  in  detonation  threshold  velocity.  If, 
however,  a  shear  mechanism  is  operant,  the 
detonation  threshold  should  be  lower  for  the 
high  t/d  impactor,  as  it  is  a  more  efficient 
penetrator.  The  experimental  detonation 
threshold  tor  the  t/d =4  fragments  was  found  to 
be  1414  m/s,  with  a  o  of  143  m/s.  The  detona- 
ti  ,n  threshold  for  an  t/d  =  1  impactor  with  the 
same  frontal  area  was  found  to  be  1580  m/s, 
with  a  o  of  27  m/s.  The  difference  in  thresholds 


is  not  great,  nor  was  it  expected  to  be,  as  the 
dependence  of  the  ballistic  limit  velocity  on  t/d 
is  very  weak  (only  to  the  1/6  power).  However, 
the  difference  is  clearly  statistically  signifi¬ 
cant.*  The  results  are  inconsistent  with  a 
classical  shock  mechanism,  but  are  consistent 
with  a  shear  mechanism. 

The  experimental  threshold  for  detonation  for 
300  g  i/i d  =4  impactors  against  Compositon  B 
filled  targets  was  found  to  be  1008  m/s,  with  a 
o  of  25  m/s  vs.  1019  m/s,  with  a  a  of  15.2  m/s, 
for  the  75  g  ild=  1  impactor.  These  firings  were 
conducted  using  tool  steel  at  a  Brinnell  hard¬ 
ness  of  180.  Target  casing  hardness  was 
Rockwell  B  86.  Upon  impact,  the  impactor  was 
found  to  mushroom  significantly.  The  series 
was  repeated  with  steel  impactors  hardened  to 
Rockwell  C  55.  At  this  hardness,  little  mush¬ 
rooming  occurs,  and  the  impactor  wa3  expected 
to  be  a  more  efficient  penetrator.  The  measured 
detonation  threshold  was  found  to  be  989  m/s. 
The  measured  detonation  threshold  was  989 
m/s,  with  a  a  of  24.2  m/s.  This  difference  is  quite 
small,  and  is  not  significant  at  the  0.05  level.** 

In  Slade  and  Dewey’s  report  (1),  data  are 
presented  for  impacts  on  Composition  B  targets 
with  6  mm  mild  steel  cover  plates,  by  hardened 
steel  projectiles.  Here,  it  was  found  that  by  in¬ 
creasing  the  mass  of  the  projectiles  from  17.7g 
to  36.7g  at  fixed  diameter  of  1.27  cm,  the 
detonation  threshold  was  lowered  from  906 
+/-  21  m/s  to  778  +/—  9  m/s.  These  values  are 
significantly  different  at  the  0.01  level.  Note 
that  both  the  17.7  g  and  36.7  g  impactors  had 
ild  ratios  higher  than  unity.  These  data  are 
inconsistent  with  a  classical  shock  initiation 
mechanism,  but  are  entirely  consistent  with  a 
shear  initiation  model.  This  threshola  depend¬ 
ence  upon  impactor  mass  (or  length,  more 
appropriately)  is  a  direct  manifestation  of 
interactions  between  the  impactor  and  the 
target  casing. 

The  effect  of  length  of  impactor  on  tetryl  is 
especially  surprising  for  two  reasons.  These 
data  were  gathered  for  tetryl  at  a  loading 


density  of  1.50  glee,  which  is  only  86%  of 
theoretical  maximum  density.  In  such  porous 
charges,  classical  shock  initiation  would  be  ex¬ 
pected  to  dominate.  Secondly,  these  targets 
were  relatively  unconfined,  with  cover  plates 
and  no  rear  confinement.  For  a  shear  mechan¬ 
ism  to  be  controlling,  it  must  occur  within  a 
very  short  time  frame,  of  the  order  of  that  for 
first  wave  passage  through  the  charge. 

It  is  instructive  to  compare  the  detonation 
threshold  data  for  Composition  B,  shown  in  Fig. 
4,  with  threshold  data  for  Composition  B 
gathered  by  other  investigators.  Shown  in  Fig. 
10  are  the  data  of  Slade  and  Dewey  (1)  and 
Roslund  (11)  for  Composition  B  targets  with  flat 
cover  plates  and  the  data  from  Fig.  4,  plotted 
in  the  Vd'/2  —  h/d  plane.  (This  is  a  particularly 
useful  representation,  for  data  in  the  shock  in¬ 
itiation  regime,  as  it  has  been  shown  by  several 
investigators  that,  for  bare  charge  data,  VdV2 
=  A,  where  A  is  a  constant  for  a  given  explosive 
at  a  given  density.  Thus,  variation  of  A  with  h/d 
is  a  measure  of  the  effectiveness  of  the  cover 
plate  in  protecting  the  explosive  from  shock  in¬ 
itiation.)  It  is  quite  clear  from  Fig.  10  that  the 
two  sets  of  data  are  not  consistent.  There  is  a 
number  of  different  possible  reasons  for  the  dif¬ 
ference,  in  addition  to  a  shear-controlled  mech¬ 
anism  for  the  heavily  confined  charges,  vs.  a 
shock  mechanism.  Some  are  examined  below: 

1 .  Differences  in  porosity:  the  Slade  data  were 
gathered  on  Composition  B  at  1.70  glee,  the 
Roslund  data  at  1.68  glee,  and  the  heavily  con¬ 
fined  data  at  1.65  glee.  These  differences  in 
porosity  can  produce  significant  differences  in 
sensitivity.  While  changes  in  porosity  would  be 
expected  to  affect  the  intercept  of  the  threshold 
curves  with  the  ordinate  (i.e.,  the  bare  charge 
threshold)  it  is  not  clear  that  it  would  affect  the 
slope  significantly.  To  check  this  point,  data  of 
Slade  and  Dewey  for  tetryl  at  a  density  of  1.50 
glee  (86%  TMD),  data  of  Slade  and  Dewey  for 
Composition  B  at  a  density  of  1.70  (97%  TMD), 
and  of  Roslund  for  Composition  B  at  a  density 
of  1.68  (96.6%  TMD)  are  replotted  in  Fig.  11, 
where  each  data  set  has  been  scaled  by  the 


*  Statistical  tests,  assuming  that  the  estimate  populations  are  each  normally  distributed  and  that 
the  variance  is  known,  place  the  significance  between  0.004  and  0.025. 

**  A  statistical  test  for  significance,  again  assuming  normality  and  known  variance,  yielded  an  o 
of  0.064.  We  thus  have  a  --6.4%  chance  of  being  wrong,  if  we  claim  that  the  V50’s  are  different 
for  ud  —  1  and  i/d  =  4  against  Composition  B. 
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Fig.  10.  Detonation  threshold  data  for  charges 
with  cover  plates  and  heavily  confined  charges 

appropriate  value  of  A.  Note  that,  for  values  of 
li/d  <  0.6,  the  data  sets  are  coincident.  For  larger 
values  of  h/d,  the  tetryl  data  curve  upward, 
while  the  Composition  B  data  remain  linear. 
Ultimately,  the  Composition  B  data  should 
curve  upward,  also.  The  upward  curvature  is 
believed  to  be  a  result  of  the  rarefactions  over¬ 
taking  the  shock  and  reducing  the  peak 
pressure,  thereby  requiring  a  higher  impact 
pressure  for  prompt  initiation  of  detonation. 
This  happens  earlier  in  the  tetryl  with  its  high 
porosity  and  correspondingly  low  shock  speed. 
For  the  lower  values  of  h/d,  however,  the  data 
for  impacts  against  charges  with  flat  cover 
plates  scale,  independent  of  porosity,  and  the 
deviation  of  the  data  for  heavily  confined  Com¬ 
position  B  cannot  be  explained  by  effects  of 
porosity. 

2.  Reflection  of  the  incident  shock  wave  from 
the  rear  surface  of  the  casing;  if  initiation  does 
not  occur  as  a  result  of  passage  of  the  incident 
shock,  reflection  of  the  shock  from  the  rear  sur¬ 
face  could  cause  initiation.  Since  decay  of  the 
incident  shock  waves  scales  with  the  impactor 
dimensions,  the  strength  of  the  reflected  shock 
from  the  300  g  fragment  would  be  larger  at  a 
given  impact  velocity  than  that  for  a  smaller 
fragment.  This  would  tend  to  tilt  the  curve  for 
the  heavily  confined  charges  to  a  greater  slope, 
and  thus  is  consistent  with  the  data.  This  effect 
is  strongly  dependent  upon  charge  size,  and 


Fig.  11.  Scaled  detonation  threshold  data  from 
(1)  and  {ll )  showing  that  porosity  does  not  af¬ 
fect  plate  thickness  dependence 

one  would  expect  data  for  larger  charges  to  lie 
above  this  curve.  The  data  in  this  curve  were 
gathered  for  targets  with  an  interior  diameter 
of  84  mm.  Plotted  on  the  curve  is  an  additional 
point  for  a  target  with  an  interior  diameter  of 
123  mm  which,  if  this  effect  is  important,  should 
lie  above  the  curve.  Apparently,  shock  reflec¬ 
tion  at  the  rear  surface  is  not  controlling.  (See 
Fig.  10.) 

3.  Confinement:  Slade  and  Dewey  used  tetryl 
charges  3.8  cm  in  diameter  by  2.54  cm  thick  and 
Composition  B  charges  5  cm  in  diameter  by  2.54 
cm  thick.  Impacts  were  upon  the  flat  surface. 
Cover  plates,  when  present,  provided  the  only 
confinement.  Roslund’s  data  were  gathered  us¬ 
ing  targets  with  greater  confinement,  but  con¬ 
finement  was  still  light.  Howe’s  data  were 
gathered  on  targets  with  heavy  cylindrical  con¬ 
finement,  with  dimensions  such  that  end  effects 
could  not  participate  for  times  shorter  than  200 
microseconds.  In  Siade  and  Dewey’s  experi¬ 
ments,  the  limiting  times  «re  determined  by 
shock  transit  through  the  charge,  and  are  of  the 
order  of  5-10  microseconds.  In  the  experiments 
using  heavily  confined  charges,  times  to  case 
failure  are  in  excess  of  100  microseconds. 
However,  time  to  case  perforation  can  be  much 
faster,  and  wiil  vary  with  impact  velocity.  If  it 
is  assumed  that  venting  can  occur  when  the 
plug  has  moved  one  case  thickness,  times  to 
venting  can  be  estimated  by  dividing  the  case 
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TABLE  3 


m(g) 

h(mm) 

Vs(m/s) 

VR(  m/s) 

t(s) 

300 

10.6 

637 

386 

20.7 

75 

10.6 

1014 

671 

12.6 

30 

10.6 

1600 

1052 

8.0 

thickness  by  the  average  of  the  impact  and 
residual  velocities  at  the  detonation  threshold. 
These  estimated  results  are  shown  in  Table  3, 
where  it  is  seen  that  time  to  venting  is  much 
greater  for  the  large  fragments  impacting  at 
relatively  low  velocities.  This  greater  time  to 
venting  for  the  low  impact  velocities  could  have 
the  effect  of  lowering  the  detonation  threshold 
and  provides  a  plausible  explanation  for  the  dif¬ 
ference  between  the  two  sets  of  data. 

SUMMARY  AND  CONCLUSIONS 

The  collection  of  experimental  data  on  the  im¬ 
pact  response  of  explosives  indicates  that  at 
least  two  mechanisms  are  involved.  Much  of  the 
data  are  interpretable  in  terms  of  a  classical 
shock  miilation  mechanism.  Thus,  the  depend¬ 
ence  of  the  initiation  threshold  velocity  upon 
contact  area  of  the  iinpactor  and  independence 
of  the  threshold  velocity  upon  impactor  length, 
for  length  to  diameter  ratios  in  excess  of  0.25, 
are  entirely  consistent  with  the  classical  shock 
initiation  models  which  emphasize  the  impor¬ 
tance  of  peak  pressure  and  shock  duration. 

Other  data  are  quite  clearly  inconsistent  with 
a  classical  shock  initiation  mechanism,  but  are 
consistent  with  a  macroscopic  shear  mechan¬ 
ism.  TNT  was  found  to  show  evidence  of  an  in¬ 
itiation  mechanism  controlled  by  macroscopic 
shear.  Evidence  in  the  literature  was  found  to 
support  a  shear  controlled  mechanism  for 
porous  tetryl.  The  evidence  to  support  a  macro¬ 
scopic  shear  mechanism  in  heavily  confined 
Composition  B  charges  is  very  weak.  An  unam¬ 
biguous  explanation  for  the  differences  between 
results  for  impacts  against  heavily  confined 
targets  and  targets  with  cover  plates  is  not  yet 
available. 

The  conditions  which  favor  one  mechanism 
over  another  are  not  yet  well  defined.  Hardened 
sti-el  projectiles  favor  a  shear  mechanism,  since 
they  are  more  efficient  penetrators  than 


mild  steel  projectiles  which  can  deform  readily 
upon  impact.  We  expect  that  impact  conditions 
which  generate  weak  shocks  but  which  lead  to 
high  deformations  and  deformation  rates  within 
the  explosive  will  favor  shear  initiation.  Those 
impacts  which  cause  strong  shock  loading  with 
little  deformation  will  favor  classical  shock 
initiation. 
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TABLE  3 


m(gj 

h(mm) 

Vs(m/s) 

VR(m/s) 

t(s) 

300 

10.6 

637 

386 

20.7 

75 

10.6 

1014 

S71 

12.6 

30 

10.6 

1600 

1052 

8.C 

thickness  by  the  average  of  the  impact  and 
residual  velocities  at  the  detonation  threshold. 
These  estimated  results  are  shown  in  Table  3, 
where  it  is  seen  that  time  to  venting  is  much 
greater  for  the  large  fragments  impacting  at 
relatively  low  velocities.  This  greater  time  to 
venting  for  the  lew  impact  velocities  could  have 
the  effect  of  lowering  the  detonation  threshold 
and  provides  a  plausible  explanation  for  the  dif¬ 
ference  between  the  two  sets  of  data. 

SUMMARY  AND  CONCLUSIONS 

The  collection  of  experimental  data  on  the  im¬ 
pact  response  of  explosives  indicates  that  at 
least  two  mechanisms  are  involved.  Much  of  the 
data  are  intc-rpretable  in  terms  of  a  classical 
shock  initiation  mechanism.  Thus,  the  depend¬ 
ence  of  the  initiation  threshold  velocity  upon 
contact  area  of  the  impaetor  and  independence 
of  the  threshold  velocity  upon  impaetor  length, 
for  length  to  diameter  ratios  in  excess  of  0.25, 
are  entirely  consistent  with  the  classical  shock 
initiation  models  which  emphasize  the  impor¬ 
tance  of  peak  pressure  and  shock  duration. 

Other  data  are  quite  clearly  inconsistent  with 
a  classical  shock  initiation  mechanism,  but  are 
consistent  with  a  macroscopic  shear  mechan¬ 
ism,  TNT  was  found  to  show  evidence  of  an  in¬ 
itiation  mechanism  controlled  by  macroscopic 
shear.  Evidence  in  the  literature  was  found  to 
support  a  shear  controlled  mechanism  for 
porous  tetryl.  The  evidence  to  support  a  macro¬ 
scopic  shear  mechanism  in  heavily  confined 
Composition  B  charges  is  very  weak.  An  unam¬ 
biguous  explanation  for  the  differences  between 
results  for  impacts  against  heavily  confined 
targets  and  targets  with  cover  plates  is  not  yet 
available. 

The  conditions  which  favor  one  mechanism 
o\<.r  another  are  not  yet  w'ell  defined.  Hardened 
steel  projectiles  fa\  or  a  shear  mechanism,  since 
thev  are  more  efficient  penetrators  than 


mild  steel  projectiles  which  can  deform  readily 
upon  impact.  We  expect  that  impact  conditions 
which  generate  weak  shocks  but  which  lead  to 
high  deformations  and  deformation  rates  within 
the  explosive  will  favor  shear  initiation.  Those 
impacts  which  cause  strong  shock  loading  with 
little  deformation  will  favor  classical  shock 
initiation. 
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